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ABSTRACT

“Tunable” clay-polymer composites are designed to be modifiable in-situ through
controlled manipulation of interparticle spacings via the surrounding fluid chemistry.
However, little is known about the change in the meso-scale behavior of this composite
due to alteration of interparticle and/or interlayer spacings as a function of polymer
conformation (molecule size and shape). These composites are made by combining a
non-ionic responsive polymer – polyacrylamide (PAM) – with one of two clay types:
kaolinite (micro-composite) and montmorillonite (nano-composite). The range of ionic
concentrations and pH of the test solutions were selected to promote extended, partially
extended, and coiled conformations of the polymer. This study investigates the mesoscale properties dependent on the interparticle and interlayer spacings of the polymermodified clay materials.
Fourier Transform Infrared Spectroscopy results imply that the interactions between
the polymer and the clay surfaces cause protonation of the amide group, which has a
direct impact on PAM molecule conformation. Sedimentation and scanning electron
microscopy results suggest that PAM molecules tend to promote higher order face-toface aggregation, which leads to higher liquid limits (LL) and shear strength relative to
pure clay. Edge-to-edge fabric formation of the micro-composite was observed at coiled
conformation due to preferential adsorption of PAM at kaolin particle edge surfaces.
Variation in LL depends on both the molecule conformation and particle arrangement.
Triaxial consolidated undrained tests on the micro-composite and drained direct shear
tests on the nano-composite demonstrated that the composite shear strength behavior
depends on the polymer-mineral surface bonds (i.e. mechanical bonds), interparticle
and/or particle-polymer and/or polymer-polymer forces, and the apparent viscosity of the
polymer molecule at coiled or extended conformation. The nano-composite swelling
volume was less than pure clay. Free swelling volume of the nano-composite depends
on the test condition at extended conformation of PAM. However, swelling volume
decreases at coiled conformation of PAM compared to swelling at partially extended
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conformation. The hydraulic conductivity of the nano-composite increases significantly at
coiled conformation, but did not change significantly at extended conformation of PAM.
Conformational changes of polymer molecules and the corresponding changes in
observed meso-scale behavior demonstrate the “tunable” nature of the composite.
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CHAPTER ONE
INTRODUCTION

1.1 Problem Statement

As a natural material, soils do not always have adequate hydraulic conductivity, shear
strength or other desirable engineering properties for geotechnical and geoenvironmental applications. For this reason, engineers often implement various soil
modification techniques to improve soil properties for long-term performance.
Conventional soil improvement techniques such as compaction and chemical addition
(e.g. cement) are often used. However, these methods consume a great deal of energy
and result in permanent modification where responsive properties may be more suitable.
Moreover, some chemical stabilizers are not environmentally sound (Jegandan et al.
2010). For these reasons, it is advantageous to investigate alternative approaches to soil
modification. Alternative modification techniques may employ the use of polymers,
microorganisms, plant roots, etc. (Kim and Palomino 2011; Mitchell and Santamarina
2005; Sauceda et al. 2014; Sinha Ray and Okamoto 2003; Theng 2012). In particular,
addition of responsive polymers to modify clay surfaces in order to impart a predictable
and controllable response under different conditions is a relatively new concept in the
geotechnical engineering field.
The physical and chemical properties of responsive polymer molecules are known to
change according to the external environment, i.e. pore fluid pH and ionic concentration,
temperature, applied load, etc. The conformation –effective length or shape – of a
responsive polymer molecule can respond to changes in the surrounding fluid pH and
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ionic concentration for certain polymer types. For instance, polymer gels have extended
conformation (i.e. swelling) in water due to repulsion between positively charged or
negatively charged ions on the polymer chain. However, the polymer molecules may have
a coiled conformation when exposed to a high ionic concentration solution due to a
screening of the long-range electrostatic interactions between neighboring polymer
charged sites by salt ions (Ohmine and Tanaka 1982; Zhang et al. 1992). Hence, it is
expected that conformational changes of the polymer molecules adsorbed onto clay
particle surfaces will impact meso-scale material properties of clay-polymer composites
made with responsive polymers.
“Tunable” clay-polymer composites are composed of a clay material and a responsive
polymer. This “tunability” is due to the response of the polymer molecule to the external
environment, such as the surrounding fluid pH and ionic concentration. The importance
of these materials derives from their potential ability to adopt various interparticle and/or
interlayer spacings, which in turn, affects meso-scale material properties dependent on
fabric. For example, soil strength, permeability, and compressibility can be linked to the
soil fabric (Lambe and Whitman 2008). Thus, if the interparticle and interlayer spacings
of a clay material can be controlled and modified over time, then it follows that the material
properties can also be controlled and modified in a predictable manner. This ability to not
only directly control the material properties of a soil but also to modify those properties
in-situ over time would advance the field of engineered soils.
A novel clay-polymer composite was synthesized through a solution intercalation
technique using either a non-expansive clay (kaolin) or an expansive clay
(montmorillonite) and a responsive polymer (polyacrylamide; PAM). Previous studies on
these particular clay-polymer composites include successfully creating the clay-polymer
micro- and nano-composites (Kim and Palomino 2009; Kim and Palomino 2011);
investigating the micro-scale behavior of the polymer molecule on a simulated clay
surface (Kim et al. 2012); linking the micro-scale observed behavior to meso-scale soil
properties such as swelling potential (Kim et al. 2012), hydraulic conductivity (Kim et al.
2012) and compressibility (Bishop et al. 2014); and investigating the interaction between
the polymer molecule and clay surface using molecular simulation (Kim et al. 2012).
2

These studies were designed to facilitate the successful production of the composites as
well as investigate the fundamental behaviors of the polymer molecule and clay-polymer
interactions. The main contributions from these studies were:
•

Determined the optimum content of polymer for composite production.

•

Validation that the response of a polymer molecule attached to a simulated
mineral surface when exposed to a given fluid is similar to the polymer molecule
response when suspended alone in the same fluid.

•

Furthered the understanding of the interaction between the selected polymer
and the clay mineral surface at the scale of the polymer molecule.

•

Verified that the clay-polymer composites expand and contract analogously to
the expansion and contraction of the polymer molecule by observing swelling
behavior and measuring hydraulic conductivity.

•

Furthered the understanding of the interaction between the polymer molecule
and the clay mineral surface through molecular simulation used.

•

Demonstrated that composites created using a responsive polymer are
themselves responsive to environmental conditions.

•

Showed that compressibility of the composite is mainly influenced by the
conformational behavior of the polymer molecule, and compressibility increases
when the conformation of polymer molecule is extended.

These findings provide insight into micro-scale and some meso-scale behavior of the
clay-polymer composites. Further research is still required for this technology to be
understood at the fundamental level under various conditions used to control the material,
i.e. pH and ionic concentration. Furthermore, the effect on mechanical behavior (i.e.
strength, hydraulic conductivity etc.) due to changes in composite response with changes
in either pH or ionic concentration over time have yet to be explored. This is vital to
understanding the “tunability” of the composite materials.
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1.2 Objectives & Scope

This study investigates an engineered modifiable clay material, the properties of which
are “tunable” by changes in pore fluid chemistry. The main objectives of this work are:
● To understand the influence of polymer molecule conformation on fabric formation
of “tunable” clay-polymer composites.
● To investigate shear strength properties of the composites when subjected to
selected pore fluid chemistries.
● To demonstrate the “tunability” of the composites through hydraulic conductivity and
selected permeating fluid chemistries.
● To understand the chemical and physical reaction of the polymer with clay mineral
surfaces using Fourier Transform Infra-red spectroscopy (FTIR).
● To further understand the composite response in the context of shear strength and
hydraulic conductivity with complementary studies used to observe or infer microscale/particle level interactions: Atterberg limits, sedimentation, scanning electron
microscopy, and swell potential.
The results of this work will provide a greater understanding of clay-polymer
interactions and benefit the geotechnical and material science communities.

1.3 Hypothesis

This study focuses on understanding the meso-scale behavior – shear strength and
hydraulic conductivity – of “tunable” clay-polymer composites at the fundamental level
under selected fluid chemical conditions, i.e. pH and ionic concentration. It is
4

hypothesized that the responsive polymer molecules will maintain the tunability at
the meso-scale and will be observable using laboratory bench-scale testing.
Furthermore, changes in the composite response with changes in either pH or ionic
concentration over a period of time have yet to be explored. This is vital to understanding
the “tunability” of the composite materials. Therefore, the following questions will be
addressed in this study:
1. How does the fabric formation of the composite vary with fluid pH and ionic
concentration?
2. Does the shear strength of the composite vary with fluid pH and ionic
concentration? If so, how does this variation compare with that of the pure clay
material?
3. If the composites are exposed to various pH and ionic concentrations under very
low stress conditions (through swelling tests), how long it will take for the polymer
molecules in the composites to reach either the fully extended or contracted state?
4. Will the hydraulic conductivity of the composite material change when the
permeant fluid changes? If so, how long will it take for the changes to become
measurable and/or reach steady state?

1.4 Organization

This proposed work is divided into six components summarized here.
•

Chapter One defines the problem, research objectives and outline of this research.

•

Chapter Two includes a detailed literature review on the clay materials used in this
study, responsive polymers, clay-polymer composites and their application.
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•

Chapter Three includes the study of fabric formation of the clay-polymer composite
under different polymer molecule conformation conditions induced by exposure to
selected surrounding fluids (pH and ionic concentration). A fabric map of kaolinpolymer composite is presented and compared to pure clay.

•

Chapter Four presents the influence of polymer molecule conformation on
consolidated undrained shear strength behavior of the micro-composite.

•

Chapter Five includes the investigation of the mechanical properties of the nanocomposite: swelling, Atterberg limits, drained shear strength, hydraulic
conductivity.

•

Chapter Six concludes the findings of this laboratory investigation and provides
recommendations for future research.

Chapter Three and Four have been submitted to Canadian Geotechnical Journal
(under review phase) and Chapter Five will be published in peer-reviewed technical
journal.
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CHAPTER TWO
LITERATURE REVIEW

It is necessary to understand the mineralogy and surface properties of clay minerals
in order to investigate the fundamental behavior of clay-polymer composite. Since
functional polymers impart “tunability” to the composite, an understanding of polymer
chemistry needs to be understood as well. In this chapter, a brief discussion of the clay
materials and typical characteristics of the responsive polymer, clay-polymer composite
and potential applications for the composite are presented. The concepts presented in
this chapter provide the fundamental basis to explain the composite material behavior
explored in the following chapters.

2.1 Kaolinite

2.1.1 Mineralogy and Structure
Kaolinite (Kt) is a 1:1 serpentine mineral, consisting of alternating silica tetrahedral
sheets and aluminum octahedral sheets as shown in Figure 2.1 (All tables and figures
are located at the end of the chapter). The tetrahedral sheet consists of four oxygen atoms
at the vertices enclosing a silicon atom. The octahedral sheet is also known as the
gibbsite sheet and consists of six hydroxyl ion at the tip around a central aluminum (Al3+)
atom. Oxygen atoms are shared between the tips of the silica sheet and the gibbsite
sheet. These bonded sheets form a one-unit layer of Kt. According to Brindley (1946), the
triclinic unit cell of the Kt crystal structure has lattice parameter a=5.15 Å; b= 8.95 Å; c=
7.15 Å; α= 91.8°; β=104.8°; γ= 90; and space group is 𝐶𝑠4 − 𝐶𝑐 . The distance between
repeating units in the c-direction is also known as the basal spacing (d001), which is 0.72
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nm for Kt. Kt unit layers form particles through van der Waals forces and strong hydrogen
bonds linking the hydroxides of one gibbsite sheet from one unit layer to the oxygens of
the silica sheet in the next unit layer. For this reason, Kt does not swell when exposed to
water and is considered to be a nonexpendable clay mineral. A scanning electron
micrograph of kaolin particles studied in this study shows in Figure 2.2. The Kt has sharp
crystalline morphology and shapes of well-crystalized Kt generally pseudo-hexagonal.
Poorly crystalized Kt shows less distinct hexagonal plates. The particle size may vary
within a range 0.3-4 µm and thickness 0.05-2 µm (Grim 1968). The sizes greater than
listed may exist in some clays. The specific surface area of kaolin is 10-20 m2/g (Mitchell
2005).
2.1.2 Kaolinite chemistry
The general structural formula for Kt is (OH)8Si4Al4O10. An ideal Kt charge distribution
in the layer shows that the total positive charges of 2Al (2x3=6) + 2Si (2x4=8) is balanced
by the total negative charge of 5O (5x2=10) + 4OH (4x1=4). However, kaolin has a very
low cation exchange capacity in the range of 3 to 15 meq/100 g, which is a result of
isomorphic substitution, broken bonds along termination sites, structural disorder and
crystal defects (Grim 1968; Sposito 2008). According to Ma and Eggleton (1999),
isomorphic substitution accounts for less than 5% of the exchange capacity of Kt. This
amount of charge can be attributed to the replacement of one Al3+ ion for every 400 Si4+.
The majority of the exchange capacity is mainly due to the existence of broken bonds
along the edges of kaolin particles (Grim 1968; Ma and Eggleton 1999).
The surface chemistry features of kaolin depend on the structure of both the silica (Si)
and gibbsite (Al) sheets. Due to the isomorphic substitution, the tetrahedral sheet has a
permanent negative charge which is non-pH dependent on the Si basal surface (Bolland
et al. 1980; van Olphen 1964). The surface hydroxyl groups (OH-) present on the gibbsite
basal face is pH dependent, but less reactive than the OH- sites at the edge faces.
Although the kaolin dual basal planes may carry opposite charges at a given pH, in
general the overall surface charge of the basal planes is considered to be negative and
the charge magnitude depends on pH (Ma and Eggleton 1999; Zhou and Gunter 1992).
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The surface charge properties of Kt are a well-known influence on particle-particle
interactions. The surface OH- groups of the broken edge surfaces are the most reactive
sites of Kt. Protonation and deprotonation of these sites depend on the solution pH (Rand
and Melton 1977; van Olphen 1964). The edge surface of Kt is about 12%-34% of the
total surface area, which is higher than other clay minerals (Brady et al. 1996; Zbik and
Smart 1998). As a result, the edge charge is high compare to the face charge due to low
isomorphic substitution on the basal face surface.

2.2 Montmorillonite

2.2.1 Mineralogy and Structure
The minerals within the smectite group consist of either sodium (Na), calcium (Ca),
magnesium (Mg), iron (Fe) and/or lithium (L) aluminum silicates. This group includes the
di-octahedral mineral sodium montmorillonite, calcium montmorillonite, beidelite, and
nontronite, as well as the tri-octahedral minerals hectorite (Li-rich), saponite (Mg-rich),
and sauconite (Zn-rich).
The smectite group montmorillonite (Mt) is a 2:1 phyllosilicate (or TOT), and consists
of one octahedral sheet (gibbsite, Al(OH)3) sandwiched between two silica tetrahedral
sheets (Bailey 1988) as shown in Figure 2.3. The oxygens at the tips of the silica
tetrahedra are common to the octahedral sheet. The anions in the octahedral sheet that
fall directly above and below the hexagonal holes formed by the tips of the silica
tetrahedra are hydroxyls (OH-). Bonding between the oxygen atoms of the external
surface of Mt by weak van der Waals attraction force hold the successive layers. As a
result, adsorption of the water molecule, organic molecule or other polar liquid causes
substantial cleavage between layers. On the basis of electron diffraction data, Zvyagin
and Pinsker (1949) reported that this mineral is monoclinic with a= 0.517 nm, b=0.889
nm, c=10.3 nm, β= 99°30’ and space group C2/m.
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Figure 2.4 shows a micrograph of Mt used in this study. The crystalline structure of Mt
results in a flaky particle shape. These flakes are extremely small. The average particle
size ranges typically from 10 µm to 0.01 µm with a layer thickness as small as ~1 nm
(Pinnavaia and Beall 2000). The aspect ratio (length: width) range is ~100-1500. Particle
sizes tend to be fine; no large crystals are known to exist. Hundreds of such flakes
aggregate to form a thin particle (also known as a tactoid). The specific surface area of
Mt is ~750-800 m2/g (Marshall and Holmes 1979).
2.2.2 Montmorillonite chemistry
The chemical formula of Mt is Mx (Si, Al)8 (Al, Fe, Mg)4 O20 (OH)4 , where M is the
interlayer cation and x is the layer charge. In montmorillonites, x ranges from 0.2-0.6. The
layers are typically negatively charged. The net negative charge is due to the isomorphic
substitution of Si4+ by Al3+ in the tetrahedral sheet and Al3+/Fe3+ by Mg2+/Fe2+ in the
octahedral sheet (van Olphen 1964). The resulting charges are counterbalanced by
different cations (i.e. Na+, Ca2+) or organic ions. About 80% of the cation exchange occurs
in the basal planes with the remainder in the edges of smectite clays (Grim 1968).
The cation exchange capacity of Mt clay ranges from ~80-150 meq/100 grams. The
large cation exchange capacity (CEC) of Mt causes water and other polar molecules to
absorb onto the external and interlayer surfaces. This access to the interlayer space is
an important property of this material that can be translated into a useful product. For
example, the high exchangeability of cations allows this material to remove heavy metals
from wastewater. The d-spacing (d001) or basal spacing of Mt is 0.96 nm without swelling.
The interlayer dimension is also dependent on the nature of the clay nature as well as
swelling and/or degree of hydration of interlayer cations.
Mt clay is always electrically unbalanced due to its high isomorphic substitution of Al 3+
and Si4+ by a wide range of cations that can occupy tetrahedral, octahedral and interlayer
positions. Due to the isomorphic substitution, the net charge deficiency ranges from 0.51.2 per unit cell (Mitchell and Soga 2005). The net negative charge of the particle is
compensated by cations (e.g. Na+, K+) that are hydrated and exchangeable, weakly held
in the interlayer (gallery) region, and present near the surface.
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The surface chemistry of Mt clay largely depends on the permanent structural charge
present on the surface. The permanent negative structural charge is a result of isomorphic
substitution on the basal silica face that is pH independent. A pH-dependent charge is
developed only on the surface edges due to protonation/deprotonation of hydroxyl
groups. However, the edge surface area is less than 5% of the total surface area (Dixon
and Weed 1989; Theng 2012). Moreover, the negative double layer extending from the
basal plane masks the double layer of the edge surface at a sodium salt concentration <
10-3 M (Secor and Radke 1985). For example, Chen et al. (1990) stated that edge-to-face
associations of Mt particles are hindered due to the dominance of the face double layer.
Therefore, particle interactions, rheological and mechanical properties of Mt primarily
depend on the formation of the diffuse double layer on the face surfaces.
The layers of Mt held together by electrostatic and van der Waals forces. The
interlayer distance varies depending on the charge density of the layers, interlayer cation
radius and the degree of hydration of the cation. Because of the interlayer spacing and
weak interlayer forces, the cations present between the layers can be hydrated in
aqueous solutions to increase basal spacing of Mt, known as crystalline swelling. The
swelling continues in the presence of water, and when d 001> 21 Å osmotic swelling
(double layer repulsion) occurs (Helfferich 1995). Beyond d001> 40 Å, the materials
behave like a gel (Helfferich 1962).
The ability of expansion of basal spacing maintaining the integrity of the 2D layer
structure is a unique characteristic of Mt. Other molecules (e.g. polymer) can also be
inserted between the silicate layers, especially in the hydrated form. This is known as
intercalation. Intercalation is possible when the forces between the crystalline layers are
weak. For certain polymers, the particle-polymer intercalation may be strong enough to
bind the clay plates together and preventing exfoliation (Nowicki 2002). Depending on the
conformational behavior of the polymer (varying shape and size), the interlayer space
may be controlled. This unique volume change behavior, high surface charges (in the
silicate layer), high aspect ratio, high surface area, high CEC and hydrophilic surface of
Mt clay minerals make it suitable for binding of polymer matrices.
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2.3 Responsive Polymer

Responsive/functional polymers are large molecules, consisting of many individual
chemical units linked together in a linear fashion and respond to external stimuli (e.g.
temperature, pH, ionic concentration, mechanical force, light, electrical or magnetic field).
The physical and chemical behavior of a given responsive polymer depends on the
arrangement of these structural units and the functional/responsive group present on the
chain backbone. Due to these functional groups, polymers have unique properties that
may be useful for engineered geomaterials. Some findings of responsive polymer
characteristics are listed in Table 2.1.
Responsive polymers have been used to design polymer-clay composite materials
with smart or intelligent behavior for several decades (Ogawa and Kuroda 1995).
However, the clay percentage in these composites is relatively low, and the main purpose
of these composite materials is to improve polymer performance rather than clay
properties. The addition of responsive polymers to modify clay surfaces in order to impart
a predictable and controllable response under different conditions is a relatively new
concept in the geotechnical engineering field. Responsive polymers are responsive to
external stimuli (e.g. temperature, pH, ionic concentration, magnetic field, light etc.; Flory
1953; Mendes 2008; Motornov et al. 2003; Tanaka et al. 1982). The conformation of
polymer (i.e. changes in their macroscopic volume or shape) can be triggered by these
external stimuli, which causes a variation in the physical properties of the polymer. The
functional groups on the polymer chains determine whether the molecules will have either
a coiled or extended conformation, depending on the different environmental stimuli.
The responsive polymer used in this study is polyacrylamide (PAM) which is nonionic
and highly water-soluble. The structural unit is given in Figure 2.5. The responsiveness
of PAM is due to the interaction among amide (NH2) functional groups, carbonyl (C=O)
functional groups, and the environment. Both types of functional groups are reactive in
changing the ionic character and the net charge developed on the chain backbone,
yielding different conformations of PAM. A detailed description of PAM conformation will
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be provided in next chapter. The amorphous, odorless, hard glassy PAM is a low-toxicity
material and widely used as a soil conditioner (Brandrup et al. 1989; Fox and Bryan 1992).
Other applications include: flocculating agents for minerals, coals, sewage, industrial
wastes; flooding agents for petroleum recovery; drilling fluid additives; emulsion
stabilizers; elastomer curing agent; leather-treating agents; paper-treating agents; water
purification; printing pastes; photographic film and pigment-binding resins etc. (Mamedov
et al. 2010; Mark 1966; Sojka et al. 2007).
PAM’s versatility is an advantage for future applications of the tunable composite.
PAM characteristics depend on both charge type and molecular weight. Most importantly,
PAM readily adsorbs onto clay particles and external surfaces of soil aggregates
(Stutzmann and Siffert 1977). Thus, PAM-based composites have tremendous potential
for implementation in applications such as controlling the permeability of clay barriers for
landfill liners, tuning target properties such as shear strength, enhancing soil stabilization
techniques, improving grouting techniques, and removing selected contaminants such as
heavy metals. Previous studies have already demonstrated that PAM reduces the
permeability of Mt clay by at least one order of magnitude under certain conditions (Kim
et al. 2012).

2.4 Clay-Polymer Composite

Composite materials are made up of more than one component. A composite is a solid
multiphase material that consists of a combination of materials with different properties
(e.g. physical, chemical, structural). Thus, the composite has a completely different
behavior compared to the parent materials. Clay-polymer composites are an example of
this type material. Kaolin and montmorillonite clay were selected for composite
preparation. Kaolin was selected due to its low swelling nature. A clay-polymer composite
formed from Kt particles forms phase-separated units – polymer adsorbed onto the outer
particle surfaces – as shown in Figure 2.6 since the polymer molecules cannot penetrate
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the interlayer space. Thus, the response of the kaolinite-PAM composite highlights
changes in interparticle spacing. These composites are herein referred to as microcomposites due to the size of the Kt particles (~micrometers). Mt clay was selected due
to its high swelling nature. The composite formed from Mt particles result in intercalated
structures, i.e. polymer molecules can enter the interlayer space as well as adsorb onto
the outer surfaces (Figure 2.7). The response of the montmorillonite-PAM composite is a
function of both the interparticle and interlayer spacings. The montmorillonite-PAM
composites are herein referred to as nano-composites. Intercalated nano-composites
consist of the intercalation of polymer chains in a well-ordered fashion in the gallery of a
layered clay mineral. In this case, the stacking of the layers is maintained, with ordering
along the vertical axis. According to Komori and Kuroda (2001), composite compounds
have the following unique characteristics:
•

Different compounds can be synthesized by combining a wide variety of both
host materials and polymers.

•

Retention of polymer in the interlayer spacing of clay (host) may yield
anisotropic arrangement of polymers in a two dimensional nano-environment.

•

Interlayer and interparticle spaces are adaptable to the sizes of guest polymers.

•

Guest species in the interlayer spaces are influenced by characteristic
environments surrounded by adjacent host layers. The properties are
controlled by the interaction between hosts and guests in addition to the
properties of hosts and guests themselves.

•

Structural, chemical, and thermal stabilities due to rigid inorganic frameworks
are expected to work as a barrier or capsule for various vulnerable guest
polymers.

Since the field of clay-polymer composites is still rapidly evolving, a search of the
current literature shows a partial list of uses of polyacrylamide (McRory and Ashmawy
2005), polyacrylonitrile (Carrado et al. 1996), polyethylene (Jeon et al. 1998), polyimide
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(Khachan et al. 2011), polyamide (Jadav and Singh 2009), polystyrene (Bae and Inyang
2006), polyvinyl alcohol (Di Emidio et al. 2011), polyvinyl pyrrolidone (Daniels and Inyang
2004), epoxy resin (Burns et al. 2006), polycarbonate (Shackelford 2011). Additional
information about different polymer uses can be found in Sur et al. (2001).
Polymers have functional groups (e.g. –COOH,-NH2) in their backbone. Thus, the
composite can be manipulated to impart different properties under different stimuli as
functional materials. One of the desired end-goal of material science is the development
of multi-functional materials to achieve high performances with the ability to respond to
change in the environment (e.g. pH, ionic concentration, temperature, electric field,
pressure, optical wavelength, absorbed gas molecules). These types of hyper-functional
materials have more than one property enhancement for a given application. These
characteristics allow for replacing multiple materials with a single composite or even to
replace entire classes of materials, which alone are only capable of addressing one enduse need. For example, the swelling potential and permeability of sodium montmorillonite
synthesized with polyacrylamide can be influenced by varying pH (Kim et al. 2012). This
study showed that the composite permeability greatly reduced by controlling conformation
of polymer molecule when the pH of the permeating fluid was increased from pH 3 to pH
6. The minimum hydraulic conductivity was observed when the permeating fluid was pH
11.5 where the interlayer spacing is reached to the maximum due to extended
conformation of polymer molecule. Interlayer spacing is mainly controlled by the
conformational behavior of the polymer. Kim and Palomino (2011) also found that
adsorption of polyacrylamide (PAM) onto Mt clay can increase the specific surface due to
the extended conformation of the polymer at basic pH. Also, these findings confirm that
the composite itself has properties that are very different from either of the component
materials alone. Functional polymers can thereby be used to alter material properties by
means of “tuning” swelling potential, hydraulic conductivity, and strength under different
conditions.
Among a large number of inorganic layered materials, smectites (montmorillonite,
saponite, hectorite) have received particular attention due to their excellent intercalation
abilities. Both adsorption and intercalation mechanisms of polymer onto clay surfaces
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depends on the charge of the functional groups along the polymer chain. A summary of
the clay-polymer bonding mechanisms based on polymer charge type is presented in
Figure 2.8. Depending on charge type, polymers can be subdivided into cationic, anionic
and non-ionic. Cationic polymers have a net positive charge and adsorb onto the clay
surface via electrostatic attraction at a level corresponding to the cation exchange
capacity of the clay. Exchangeable cations on the mineral surface can be replaced by
one of the many charges along the polymer chain. Higher charge densities have higher
exchange capacities. Anionic polymers have a net negative charge and bond to the clay
surface through electrostatic attraction, hydrogen bonding, and van der Waals forces.
Due to repulsive forces among monomer units, anionic polymers may remain suspended
within the defuse layer of clay particles. The bonding mechanism of a non-ionic polymer
(zero net charge) is mainly entropy driven. This hydrophilic polymer can displace water
molecules from: i) water that are not directly coordinated to an interlayer cation, ii) water
directly associated with the basal surfaces, and iii) water associate with the exchangeable
cation through ion-dipole interaction (Burchill et al. 1983; Theng 2012). Displacement of
water molecule cause changes in enthalpy of the clay-polymer-water system. Though
changes in enthalpy are small and positive to cause adsorption polymer onto clay surface.
Functional groups of these polymers along the chains are capable of being solvated by
water, allowing them to interact with clay minerals.
The interaction of clay minerals with polymer molecules has received a great deal of
attention in the past given the improved sorption capacities, swelling, shrinkage and
slacking characteristics of clay materials (Soule and Burns 2001). However, adsorption
of polymer molecules alters the microstructural bonding between clay particles, and this
interaction influences the mode of fabric association. For example, adsorption of
uncharged polymer onto a clay surface will alter the overall negative charge through
alteration of the electrical double layer repulsive force. According to Vincent (1974),
adsorbed polymer molecules can move the plane of shear away from the clay mineral
surface (Figure 2.9). As a result, electrokinetic or zeta potential decrease which increases
the net attractive force and promote more particle aggregation. However, changes in the
surface potential or charge distribution in the diffuse double layer due to the adsorption
of polymer molecules have an insignificant effect. Also, the viscous nature of some
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polymers (e.g. polyacrylamide) may increase the apparent structural viscosity that may
contribute to cohesion (Barvenik 1994). In addition, some polymer molecules influence
the interfacial friction of clay (Xiao et al. 1996). Beside, high clay surface coverage of
polymer may induce an increase in repulsive force (i.e. steric force) due to increase in the
osmotic pressure between polymer adsorbed surface. Thus, it is necessary to take into
account the behavior of the polymer once adsorbed onto the clay surface since the
presence of the polymer influences both the physicochemical and mechanical properties
of the clay-polymer composite.

2.5 Potential Engineering Applications of Tunable Clay-Polymer
Composites

Clay treatment using polymers is not a new concept for enhancing clay material
properties. Applications recently explored in geotechnical and geo-environmental
engineering is enlisted in Table 2.2.
The above studies pave the way to produce functional and sustainable composites for
landfill barrier systems in order to reduce leached and infiltration contamination.
Moreover, the durability of the composite will improve its performance as a barrier and
will reduce maintenance and rebuild cost. It is worth noting that new types of functional
layered nanoparticles have already been reported with enhanced properties. For
instance, superconductive nano-fillers (Choy et al. 1999) and magnetic particles (Laget
et al. 1999) have shown to be capable of exfoliation under controlled conditions. In the
near future, nano-composites may also be developed as multifunctional materials. Oher
studies have shown that polymer nano-composite materials (low volume clay content)
often exhibit properties superior to conventional composites such as strength, stiffness,
thermal and oxidative stability, barrier properties, as well as flame retardant behavior
(Schmidt et al. 2002).
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One of the most important advantages of the proposed micro- and nano-composite
materials is that the interparticle and/or interlayer spacing of particles can be selectively
controlled and modified in-situ. As polymers are intercalated into clay interlayer, it is
expected that the change in interparticle and/or interlayer spacing is reversible based on
the expected polymer shape response (either coiled or extended) to various pH and ionic
concentration conditions. Any change in interlayer or interparticle spacing will affect
properties include swelling properties, thermal responsiveness, mechanical properties
(strength, modulus), changes in electrical conductivity, dependency on the ionic strength
of the medium, and a number of exposed reactive sites. Potential applications for
engineered clay-polymer composite materials include:
•

Barrier systems. The property of the barrier containing water or contaminant
solution could be improved by using intercalated clay materials. The flow of
these fluids can also be controlled by contracting or expanding the interlayer
space of the intercalated clay.

•

Clay liners. Churochkina et al. (1998) found that Polymer-intercalated clays
improve mechanical and absorbing properties of the material. The swelling and
de-swelling properties are controllable too.

•

Filter systems. Interlayer spacing affects permeability, void ratio, and the
percolation threshold. Hence, modifiable filter systems can be created by using
intercalated clay.

•

Contaminant removal processes. Cation exchange sites, and sites along the
polymer chain are exposed by increasing the interlayer space. These sites
could be used to adsorb metal contaminants.

•

Karst terrain treatment. Under high pH conditions, the composite material can
continue to swell filling an increasingly larger void space by expanding over
time.

Though clay-polymer composites have a much beneficial application, a still
comprehensive study on the mesoscale behavior of composite is lacking. This study
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focuses on two mesoscale behaviors mainly: hydraulic conductivity and shear
strength. Knowledge of these behaviors of the composite will further the application of
composite in geotechnical field.
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Appendix

Figures

Figure 2.1 Crystalline structure of kaolinite (Murray (1999))
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Figure 2.2 Scanning electron micrograph of kaolin
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Figure 2.3 Crystalline structure of montmorillonite (Murray (1999))
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Figure 2.4 Scanning electron micrograph of montmorillonite clay
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Figure 2.5 Chemical formula and structure of polyacrylamide (PAM).
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Figure 2.6 Kaolin-polyacrylamide micro-composite.
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Figure 2.7 Montmorillonite-polyacrylamide nano-composite.
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Tables
Table 2.1 Reported characteristics of responsive polymers.
Authors

Al-Anazi and
Sharma (2002)

Polymer

Anionic polymer
polyacrylic acid

Characteristics
•

Excellent control of conformation.

•

Can be used for temporary zonal isolation since
polymer viscosity can effectively control flow
behavior.

A poly(N-isopropyl
acrylamide-co-acrylic
Xia et al.
(2006)

•

Polymer contact angle can be changed

acid) [P(NIPAAm-co-

reversibly with variation in pH and temperature,

AAc)] is temperature

altering the wettability (either hydrophobic or

and pH sensitive

hydrophilic).

polymer.

Gudeman and
Peppas (1995)

poly vinyl (alcohol)

•

Membrane with loosely cross-linked structure
(higher molecular weight) swelled and

(PVA) and poly (acrylic

deswelled more quickly than did denser

acid) (PAA)

membrane.

Feil et al.
(1992)

Peppas and
Khare (1993)

Dual responsive polymer

•

Responsive to both temperature and pH

poly(NIPAAm-co-BMA-co-

•

Gel can be designed with specific temperature

DEAEMA)
2- hydroxyethyl
methacrylate (HEMA)

and pH induced swelling transitions.
•

Drug delivery can be effectively controlled using
conformational behavior of molecule.

36

Table 2.2 Key findings from the literature for polymer-amended clays
Authors
Ashmawy et
al. (2002);
McRory and
Ashmawy
(2005)
Di Emidio et
al. (2011)
Khachan et
al. (2011);
Maurer et al.
(2012)
Daniels and
Inyang (2004);
Inyang and Bae
(2005)
Shackelford
(2011); Scalia
IV et al. (2013)
Sridharan et
al. (1992)
Ata and
O'Neill (2000)

Polymer(s)

Polyacrylamide

Sodium
Carboxymethyl
Cellulose

Study Findings
•
•

•
•

Polysaccharide
and polyacrylamide

Polysaccharide
and polyacrylamide

•

Less free swelling potential of composite.
Improves long-term chemical resistance by
maintaining the hydraulic integrity when exposed to
chemical leachates.
Improves hydraulic conductivity of treated clay by
lowering one order of magnitude than untreated clay
when exposed to sea water.
Dewatering time of clay and fly ash slurries
significantly decreased.
Increasing the polymer dose  increased water
content in final filter cakes.

•

Polymer-treated clays have lower crack density over
area due to desiccation induced stress.

•
•

Increased swelling of composite in deionized water
Permeability of treated clay is four order of
magnitude lower than untreated clay when
permeated with CaCl2
Polymer elution was lower with concentrated CaCl2
solutions

Polyacrylate
•
Poly vinyl
alcohol

•

Reduced dispersive tendency of non-swelling clay

Polyacrylamide

•

Improved drilling conditions and borehole stability
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CHAPTER THREE
FABRIC OF “TUNABLE” CLAY-POLYMER COMPOSITE:
INFLUENCE OF pH AND IONIC CONCENTRATION
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A version of this chapter was originally submitted for publication by Bijoy K. Halder,
Angelica Palomino and Jordan Hicks:
Halder, B.K., Palomino, A.M., and Hicks, J. (2017). "Fabric of “Tunable” ClayPolymer Composite: Influence of pH and Ionic Concentration." Can. Geotech. J. (under
review)

The main author of this manuscript was Bijoy K. Halder who have done manuscript
writing and all the experiments, except the expansion index test. This expansion index
test was completed by Jordan Hicks.

3.1 Abstract

“Tunable” clay-polymer composites have the potential to improve the engineering
properties of clay materials. The importance of these materials derives from the ability
of the responsive polymer to adopt various conformations (coiled, partially extended,
or extended), which in turn impacts the meso-scale properties of the material.
However, the influence of polymer molecule conformation on particle arrangement
and overall composite behavior is not well understood. The purpose of this study is
to understand the fabric development due to the conformational behavior of the
polymer, and thus the clay-polymer composite, over a wide range of solids content
and stress levels. The polymer molecule conformation was controlled using selected
fluid pH and ionic concentrations. Results show that the polymer conformation
significantly influences clay fabric formation. When the polymer molecules are likely
to have extended conformation, the dominant fabric mode is face-to-face and particle
mobilization increases. Both face-to-face and edge-to-edge fabric formation dominate
the behavior of the composite when coiled conformation is likely, resulting in a
decrease in interparticle movement. Thus, the polymer conformation can be used to
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manipulate both the interparticle spacing between particles and/or aggregates and
arrangement of particles.
Keywords: kaolin, polyacrylamide, fabric, sedimentation, Atterberg limits, SEM,
expansion index.

3.2 Introduction

The field of surface modified clay, especially polymer modified clay, has captured the
attention of scientific and industrial communities in the last few decades (Ogawa and
Kuroda 1995; Bruce and O'Hare 1996). Within the field of geotechnical engineering,
polymer modified clay research has intensively focused on containment barriers (Soule
and Burns 2001; Daniels et al. 2003; Daniels and Inyang 2004; Inyang and Bae 2005;
Burns et al. 2006), removing metal cations and organic carbon from clays (Egli et al.
2007), and improving drilling conditions and borehole stability with polymer-enhanced
clay slurries (Alaa 2000). In addition to being a chemical modification technique to
improve desirable properties of clay, certain polymers have the added benefit of being
environmentally friendly (van Olphen 1964; Green et al. 2000). Yet, none of these studies
investigate the potential impact of conformational effects of responsive polymers on the
polymer-modified clay material behavior.
“Tunable” clay-polymer composites are composed of a clay material and a responsive
polymer (Kim and Palomino 2009; Kim and Palomino 2011). Responsive polymer
molecules can adopt various conformational phases – extended or coiled – depending on
the external stimuli (surrounding fluid chemical composition, magnetic field, temperature,
light exposure, applied load, etc.) (Butt and Kappl 2009). Thus, the interparticle and/or
interlayer distances can be controlled by the conformation of the polymer molecules after
adsorption onto the clay particle surfaces. Since the mechanical properties of fine-grained
soils such as strength, permeability, swelling, and compressibility can be directly linked
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to soil fabric (Mitchell and Soga 2005; Lambe and Whitman 2008), these composites have
the potential to provide selectively tailored engineering properties of fine-grained soils that
can be modified over time. For example, “tunable” clay-polymer composites have the
potential for use as a hydraulic barrier in cases where extreme pH or ionic concentrations
may be an issue.
The mechanical properties of fine-grained soils are significantly influenced by clay
fabric (particle-level associations). For example, flocculated clay fabric will have a higher
shear strength than a dispersed fabric (Mitchell and Soga 2005). Fabric depends on
particle size and shape, clay mineralogy, and pH and ionic concentration of the
surrounding pore fluid. Fabric-related phenomena on kaolin particles have been
extensively studied by many investigators, and the formation of face-to-face, edge-toedge and/or edge-to-face particle arrangements depend on the pH and ionic
concentration of the aqueous suspension (Rand and Melton 1977; Pierre et al. 1995; Ma
and Pierre 1999; Sridharan and Prakash 1999a; Palomino 2003; Palomino and
Santamarina 2005; Wang and Siu 2006).
However, the influence of polymer molecule conformation on “tunable” composite
fabric is not yet well understood. The purpose of the study is to investigate the fabric
formation of a “tunable” clay-polymer micro-composite under different fluid pH and ionic
concentrations conditions and applied stress conditions. The fabric formation results are
then used to interpret the swelling response of the composite. The objectives of this study
are to: (1) at low solids content, low stress conditions through sedimentation analysis,
and (2) characterize the composite particle-level interactions at high solids content,
intermediate stresses using Atterberg limits, and (3) characterize the composite swelling
potential, based on the particle-level associations, by measuring the expansion index
(high solids content, high stress). The pH and ionic concentrations were selected to
maximize the anticipated polymer molecule conformation response.
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3.3 Background Information

Previous studies on clay-polymer composites focused on the behavior of the material
at different scales. The conformation of high molecular weight PAM on simulated silica
and aluminum oxide surfaces is similar to the polymer molecule response when
suspended as single molecules in a similar fluid (at pH 3, 6 and 11.5; Kim et al. 2012a).
Kim and Palomino (2009) observed that molecular weight, concentration, and charge type
(cationic, anionic, nonionic) of polyacrylamide (PAM) influence the fabric of the claypolymer composite in deionized water and that kaolin particles associate mainly in faceto-face aggregates in the presence of a nonionic polyacrylamide. Molecular simulation
studies predict that PAM molecules remain pH-responsive when adsorbed onto a clay
surface. However, the maximum distance that the molecule can extend beyond the
mineral surface is greater for the case when the molecule is adsorbed onto one clay layer
surface than the case when the molecule bridges two clay surfaces (Kim et al. 2012b).
Bishop et al. (2014), Halder et al. (2017) showed that swelling and deformation properties
of a responsive clay-polymer composite can be modified by controlling interlayer spacing
between particles.

3.4 Conformation of Polyacrylamide in Bulk Aqueous Solutions

The

responsive

nature

of

polyacrylamide

(PAM;

monomer

chemical

formula: -CH2CHCONH2-) is due to the presence of two functional groups, amine (-NH2)
and carbonyl group (C=O) in its pendant. The interaction of the functional group with
hydrogen ions (H+), hydroxyls (OH-), and Na+ cations in an electrolyte leads to charge
development on the chain of PAM. The resulting net charge determines the conformation
of the molecule (i.e. shape or effective length).
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The conformation of PAM molecules is simultaneously influenced by both pH and ionic
concentration of the surrounding fluid. PAM is a weak polyelectrolyte, meaning not all of
the monomer units will be charged at intermediate pH (pK a 4-10). The net charge of the
molecules can be modified as a function of both pH and log(c) due to the Donnan effect
(Overbeek 1956), where c is the ionic concentration of the solution (Israels et al. 1994;
Rühe et al. 2004). The ionic concentration influences the PAM molecule-solution system
in two significant ways at intermediate pH. When c increases, (1) the range and strength
of electrostatic interactions decrease, and (2) the charged fraction of the polymer
increases. At moderate ionic concentrations (~0.001 < c < 0.005 mol/L NaCl), the number
of dissociated monomer sites results in like-charged monomer units that induce
electrostatic repulsion between charge segments. The molecules then become extended.
The maximum extended conformation occurs at intermediate pH (~6) and moderate c,
when approximately 10% of the polymer monomer units become charged (Dickinson
1991). However, with increasing ionic concentration (c > 0.05 mol/L NaCl), the additional
cations compensate the negatively charged sites on the chain, reducing the negative
charge fraction and, subsequently, the repulsive force between the monomer units
(Klenina and Lebedeva 1983; Wu et al. 2007). Under these conditions, the molecule
chains may ultimately coil as a result of increased interactions through van der Waals
forces between neighboring monomers (Ohmine and Tanaka 1982; Ilavsky et al. 1984).
Polymer conformation can be manipulated by altering the solution pH. At low pH, the
functional groups of PAM molecules remain undissociated. Hence, the polymer chain
tends to adopt a coiled conformation at pH < 4 (Besra et al. 2004). At very high pH (pH >
10), PAM acts as a strong polyelectrolyte. Under these conditions, most of the monomer
units are charged, and the charge fraction remains constant at any pH value above 10.
-

The hydrolysis reaction of PAM with hydroxyls (OH ) results in a random distribution of
carboxylate anions (COO− ) on the molecule chain (Klenina and Lebedeva 1983; Ilavsky
et al. 1984). The like charges result in repulsion among the monomers so that the
molecule becomes extended. Kim (2011) found that the hydrodynamic radius of nonionic
PAM in a pH 11.5 bulk solution is approximately 4 times larger than that at pH 3. At pH 6,
PAM molecules have partially extended conformation compared to a coiled conformation
at pH 3. Hence, the conformation of PAM molecules can be “tuned” to a coiled or
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extended state. This manipulation can alter the clay fabric under different ionic
concentration and pH solution conditions. Figure. 3.1 illustrates the conformation of PAM
under a range of pH and NaCl concentration conditions.

3.5 Interaction of Polyacrylamide with Kaolinite Clay Particles

Polymer molecule conformation will also depend on the chemical changes in
functional groups due to the interaction with the mineral surface after adsorbing onto a
clay particle. PAM molecules may adsorb onto clay particle surfaces through a variety of
mechanisms, such as cation exchange, electrostatic attraction, hydrogen bonding, van
der Waals forces, ion-dipole interactions, and changes in system entropy. Previous
studies have shown that nonionic polymer molecules may adsorb onto the clay basal
surfaces by forming hydrogen bonds between a hydrogen donor group on the molecule
and a basal oxygen on clay siloxane surfaces (Emerson 1960; Greenland 1963, 1972).
However, Farmer (1971) found that basal oxygens on clay surfaces at neutral pH are very
weak electron donors and may not form hydrogen bonds with polymer molecules.
Polymer molecules may also displace water molecules that associate with clay surfaces
(internal, external, or both) due to negative variation in Gibbs free energy (Theng 2012).
Displacement of water molecules at the mineral surface increases the entropy of the
system, which then favors polymer adsorption onto the clay surface (Bahadur and Shastry
2005). For kaolinite surfaces, the polymer molecule amine group then forms a hydrogen
bond with the kaolinite oxygen basal surface, and the carbonyl group may form a
hydrogen bond with inner surface hydroxyls of kaolinite (Ledoux and White (1966); Susko
(1990)). According to Lee and Somasundaran (1989), the major driving force behind the
clay-polymer bonding between nonionic PAM and kaolinite is hydrogen bonding between
the electronegative carbonyl group on PAM and the proton donating hydroxyl group of
the clay surface.
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A more recent study showed that the primary types of bonding between PAM and clay
particles are ion-dipole interaction/coordination between the clay surface exchangeable
cations and the carbonyl oxygens (C=O), as well as hydrogen bonding between amine (NH2) groups and water molecules in the hydration shell of the exchangeable cation (Deng
et al. 2006). Moreover, Ma and Eggleton (1999) inferred from their work that
exchangeable cations are present mostly on the edges and surface hydroxyl groups of
kaolinite. For this reason, approximately 94% of PAM adsorption occurs onto the edge
surfaces of kaolinite particles through hydrogen bonding and ion-dipole interaction
(Pefferkorn et al. 1987; Lee et al. 1991; Taylor et al. 2002). On the other hand, the basal
silica face of kaolinite is poorly hydrated, and so very little hydrogen bonding occurs
between PAM and surface oxygens of this face (Mortland 1970; Pefferkorn et al. 1985).
Adsorption of PAM onto the basal aluminum hydroxide surface is mainly entropy driven
by displacing water molecules from the surface (Figure. 3.2; Lee et al. 1991). Also,
adsorption of PAM molecules displaces the water molecules associated with
exchangeable cation sites located on edge surfaces and increases the surface acidity by
forming protons. The amide group of the PAM molecule near a kaolinite particle edge
surface may interact with a proton as follows (Stutzmann and Siffert 1977):
[Kaolinite]-[Na+(H2O)x]⇌ [Kaolinite]-[Na+(H2O)x-1 (OH)-] + H+

[Kaolinite]-[Na+(H2O)x-1 (OH)-]+ H++

⇌ [Kaolinite]-[Na+(H2O)x-1 (OH)-]

PAM monomer unit

Amide protonation of PAM on a kaolinite surface was verified using infra-red analysis
(Peng and Di 1994). Moreover, only ~10% of PAM monomers make contact with kaolin
edge surfaces (Nabzar and Pefferkorn 1985). Depending on the ionization of the
functional groups of the PAM molecule on the clay surface, either the charge fraction
NH2+ or COO- in the pendant of the molecule will influence conformation in aqueous
media at a given pH.
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3.6 Materials

3.6.1 Kaolin (Kt)
The kaolin clay used in this study was obtained from Active Minerals International
(Acti-Min-SA1; Gordon, Georgia, USA). Kaolin was chosen to represent a non-expansive
clay material. The chemical composition of the kaolin can be found in Kim and Palomino
(2009). The kaolin was converted to a mono-ionic sodium kaolin following a modified
conversion method (Palomino and Santamarina, 2005). The modified clay is herein
referred to as Kt. The converted kaolin slurry was oven-dried at 105℃ and ground using
a soil grinder (Humboldt H-4199). The material passing a #40 sieve (425 μm opening)
was used for this study. The particle density of the modified kaolin is 2.62 g/cm3 (ASTM
D854). Particle size distribution analysis was performed following ASTM D422, and
results indicate that 94% of the clay is finer than 10 µm and 54% is finer than 2 µm (Figure.
3.3). The specific surface area of the Kt is 47.1 m 2/g (European Standard Spot Test;
Santamarina et al. (2002)).
3.6.2 Polyacrylamide (PAM)
The polymer used in this study is a non-ionic polyacrylamide (PAM) (N300LMW; Cytec
Industries Inc.; West Paterson, New Jersey, USA). The polymer is designated as a low
molecular weight polymer (MW ~8104 g/mol). PAM was selected based on its known
responsiveness to external stimuli, namely pH and ionic concentration of the surrounding
fluid.
3.6.3 Clay-Polymer Composite
The “tunable” clay-polymer composite used in this study was prepared using the Kt
and PAM described above. This “tunable” kaolin-PAM composite is herein referred to as
a micro-composite since the size of the kaolin particles is on order of m. Note that the
interlayer surfaces of kaolinite particles are not easily accessible by PAM (Grim 1968), so
the polymer molecule conformation affects only the interparticle spacing.
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The clay-polymer composite was prepared in aqueous solution following the method
developed by Kim and Palomino (2011). The kaolin-polyacrylamide composite (Kt-PAM)
was prepared using the mono-ionic kaolin clay at a clay-to-polymer volume ratio of 62.5
in slurry form (0.46% of clay by dry mass). The slurry was then oven-dried at 105℃ and
ground into a powder using a soil grinder (Humboldt H-4199). Only the material passing
the #40 (425 µm) sieve was used in this study. The amount of PAM adsorption on the KtPAM powdered sample was found to be 0.49% (±.01%) based on total carbon
determination (SHIMADZU SSM-5000A Solid Sample Combustion Unit). The particle
density of the composite is 2.62 g/cm3 (ASTM D854). Note that the amount of adsorbed
polymer is insignificant compared to the mass of the clay and so has little impact on the
measured particle density. The mean particle diameter (D50) of Kt-PAM is 5.8 µm, which
is 3 times higher than Kt (Figure. 3.3). The specific surface area of Kt-PAM was 27.1 m2/g
(European Standard Spot Test; Santamarina et al. (2002), which is less than Kt. This is
likely due to the aggregation of particles in the presence of PAM, reducing the available
surface area for adsorption of methylene blue. At full surface coverage, the maximum
amount of PAM adsorbed on the particle edges is estimated to be 470 µg/m 2 based on
measurements made on another kaolin clay (Nabzar and Pefferkorn, 1985). The amount
of PAM used for this study is approximately 98 µg/m 2 (i.e. 4.61 mg/g of clay). Hence,
assuming that the PAM molecules only adsorbed onto the particle edges of the kaolin
used in this study, the total edge surface area is only partially covered with PAM.
3.6.4 Test Fluids
Distilled water (DW) was used in this study to prepare the pH and electrolyte solutions.
The distilled water has pH ≈ 6.0 and electrical conductivity ≈ 2 µS/cm (Accumet XL 50
pH-Ion Conductivity Meter, Fisher Scientific), and was used as the equivalent to 0 mol/L
NaCl. The pH 3 and pH 11.5 solutions were prepared by adding HCl to lower the pH and
NaOH to raise the pH to distilled water, respectively. NaCl salt (McMaster-Carr) was
added to distilled water to prepare the electrolytes at concentrations of 0.001 mol/L and
0.3 mol/L.
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3.7 Experimental Design

The test matrix was selected to maximize the influence of pH and ionic concentration
(pH 3, 6, 11.5 and 0 M, 0.001 mol/L, 0.3 mol/L NaCl) on the conformational behavior of
polyacrylamide, and subsequently, the kaolin-polymer composite (Kim and Palomino
2011; Kim et al. 2012a; Kim et al. 2012b). All the tests have been performed in lab
temperature (~23°C).
The pH or ionic concentration of the mixing fluid was varied in order to understand the
influence of PAM molecule conformation on the “tunable” clay-polymer composite (KtPAM) fabric under different stress and solids content conditions. These conditions were
replicated with pure clay (Kt) as a comparison material.
3.7.1 Sedimentation Analysis
Flocculation and dispersion behavior of fine-grained soil in different aqueous media
(low solids content, low stress) have been frequently studied using sedimentation analysis
(Michaels and Morelos 1955; Michaels and Bolger 1962; Pierre et al. 1995; Ma and Pierre
1999; Palomino and Santamarina 2005; Kim and Palomino 2009). The purpose of these
studies was to analyze kaolin behavior based on the interaction of clay particles and
structure formation in aqueous media in the presence of different ionic concentrations,
pH, and polymer type. This study will focus on Kt-PAM composite sedimentation behavior
and compare with that of Kt in various test fluids: pH 3, pH 6, pH 11.5, 0 mol/L, 0.001
mol/L and 0.3 mol/L to demonstrate influence of polymer molecule conformation.
The suspensions (i.e. colloidal dispersion) for sedimentation tests were prepared in
graduated cylinders with large enough diameters such that the wall effects could be
neglected (Michaels and Bolger 1962). Suspensions were directly prepared with respect
to aqueous media at a solids content Φ=0.02 (Φ is the solid volume fraction, defined as
total volume of solids divided by the total suspension volume). This value of solids content
was chosen to minimize particle collisions that cause hindered settling (Irani and Callis
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1963). A mass of 5.24 gm of Kt or Kt-PAM was mixed uniformly with each of the test fluids
to achieve a total suspension volume of 100 ml (100 cm 3). The cylinder was covered to
prevent water evaporation and allowed to hydrate for 24 hours. Entrapped air was then
removed with a low vacuum until no bubbles were visible in the suspension. The cylinder
was then repeatedly inverted for 1 min to distribute all particles uniformly and placed on
a level surface. This was noted as time zero. Both suspension and sediment heights (i.e.
volume of settle particle) were monitored with time until the equilibrium position of the
sediment-supernatant interface was reached. The rate at which the interface between
supernatant and suspension/sediment moved was used to calculate the settling rate
(mm/min). The suspensions were monitored for 15 days. All sedimentation experiments
were conducted at room temperature.
Sedimentation behavior of Kt particles depends on the surrounding fluid pH and ionic
concentration conditions. Similarly, the Kt-PAM composite sedimentation behavior is also
influenced by the surrounding fluid chemistry, particularly with respect to the conformation
of the polymer molecules. The observed sedimentation modes are defined based on the
study performed by Palomino and Santamarina (2005) and summarized in Table 3.1.
3.7.2 Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is often employed to observe clay fabric directly.
Samples were prepared for SEM image analysis using a freeze-drying technique (Gillott
1969; O'Brien et al. 1970). Digital SEM images were collected using a LEO 1530 Gemini
scanning electron microscope.
3.7.3 Atterberg Limits
Liquid limit (LL) is defined as the moisture content at which the soil has substantial
rigidity, but the distance between clay particles or clusters (structural units) is such that
the interparticle forces between the clay particles become sufficiently weak to allow easy
movement between particles or clusters (Warkentin 1961). The fall cone penetrometer
method (BS 1377) was used to determine the LL of Kt and Kt-PAM samples. According
to this method, LL is defined as the moisture content (%) at which a standard cone having
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a mass of 80 g and a 30° apex angle will penetrate a remolded soil 20 mm in a period of
5 s when the cone tip is released freely at the soil surface. Since the fall cone test is based
on soil strength criterion (Houlsby 1982), LL test results can be used to compare particlelevel associations under various pore fluid conditions (high solids content, intermediate
stress). For example, flocculated clay fabric will have a higher liquid limit (i.e. higher shear
strength) than a dispersed fabric (Mitchell and Soga 2005). Thus, the fall cone test method
can be used to infer soil fabric at intermediate stress conditions. Manipulating the
conformational effects of the polymer molecules using different test fluids will alter the
particle structure formation, which will in turn influence the LL.
For the fall cone test, 200-300 g of soil passing the 425 μm mesh sieves was placed
in a mixing container. Then, the soil was mixed thoroughly with the given test fluid (pH 3,
pH 6, pH 11.5, 0 mol/L, 0.001 mol/L, or 0.3 mol/L) to a stiff paste consistency and allowed
to hydrate for 24 hours prior to testing. The penetration depth was measured for different
moisture contents for each test fluid in order to obtain the corresponding fall cone
penetration line. The flow index, If, indicates a variation in shear strength for a given
increase in moisture content and is defined as the slope of the moisture content versus
log10 (depth of cone penetration) line of fall cone method (Sridharan et al. 1999; Feng
2001; Das 2013).
The plastic limit (PL) of each test case was also measured following ASTM D4318-10
using the same test fluid conditions. According to this method, an ellipsoidal mass of the
moist soil is rolled between the palm of the operator’s hand and a glass plate. Uniform
pressure is applied to form a soil thread. The soil is at the PL when the thread crumbles
into several pieces at a 3-mm diameter. The PL is determined from the moisture content
of these crumbled samples. PL values are used to determine plasticity index (PI) of the
sample, PI = LL – PL.
3.7.4 Expansion Index Tests
The expansion index (EI) is a measure of swelling potential of fine-grained soil under
high solids content and high stress conditions. The specimens are laterally confined and
placed in a standard cell filled with a test solution under a moderate load. The lateral
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confinement allows for swelling in the vertical direction only. The deformation in the
vertical direction is monitored with time.
A slurry consolidation method was adopted to prepare the specimens. The Kt and KtPAM slurries were prepared by mixing distilled water (pH 6) at a water content of 3 times
and 2 times the material liquid limit, respectively. After mixing, the slurries were allowed
to hydrate for 24 hours. The slurries were then poured into 75-mm (3 in.) diameter
perforated PVC tubes lined with polypropylene filter paper and slowly consolidated using
50 kPa of applied pressure. Specimens were trimmed to 25 mm in height and 63.5 mm
in diameter.
EI tests were carried out on the specimens following ASTM D4829-11 with some
modifications. Test cells were specially constructed out of chemically resistant Plexiglas
and fitted with a spigot in order to easily and frequently replace the testing fluid without
disturbing the sample. The specimen was placed in this modified cell with air-dried porous
stones set at the top and bottom of the specimen (as indicated by the standard). A total
load of 6.9 kPa was applied to the specimen and allowed to compress for 10 minutes.
The specimen was then immersed in distilled water, a pH-adjusted solution (pH 3, pH
11.5), or an ionic concentration-adjusted solution (0.001 mol/L NaCl, 0.3 mol/L NaCl).
Changes in salt concentration or pH were minimized by draining the test cell and
immediately replacing with fresh solution every 3 to 4 days. The change in specimen
height was monitored with time using a dial gauge for a minimum period of 2 weeks or
until no deformation was observed for a period of 3-4 consecutive days.
The Expansion Index test is typically used to determine the amount of swelling of a
clay material. However, the specimens in this study may experience either contraction or
expansion, depending on the chemistry of the inundating fluid. The expansion response
index, EI, is calculated as (ASTM D4829-11):

EI =

H
1000
H1
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EQ.(1)

where ΔH is the overall change in the specimen height in mm and H1 is the initial height
of the specimen. For this study, negative EI values are reported if the specimen contracts
and positive values are reported if the specimen expands.

3.8 Experimental Results

3.8.1 Sedimentation Analysis
3.8.1.1 Influence of pH. The sedimentation mode varied with both the material type and
chemistry of the test fluid (Figure. 3.4 and Table 3.2). In all tested cases, the
sedimentation behavior of Kt-PAM was mixed-mode with initial aggregation followed by
either dispersion or flocculation, depending on the pore fluid chemistry and PAM
conformation. For example, Kt-PAM at pH 3 exhibited mixed-mode sedimentation
behavior. The observed behavior was aggregation followed by flocculation sedimentation.
While the aggregated particles settled very quickly (t < 0.5 min), the suspension-sediment
interface was not easily distinguishable. This diffuse suspension-supernatant interface
moved downward (t > 0.5 min) until reaching a final sediment volume (flocculation
sedimentation mode) (Figure. 3.4b and 3.5d). On the other hand, the Kt slurry
sedimentation behavior was consistent with flocculation sedimentation mode at pH 3
(Figure. 3.4a).
3.8.1.2 Influence of ionic concentration. The Kt sedimentation mode is characterized as
flocculation at moderate and high ionic concentration (Figure. 3.4a and Table 3.2).
However, Kt-PAM particles showed aggregation-dispersion sedimentation mode at a
moderate ionic concentration (0.001 mol/L NaCl). At high ionic concentration (0.3 mol/L
NaCl), the sedimentation modes were aggregation followed by flocculation (Figure. 3.4b
and Table 3.2).
The final sediment volume of Kt-PAM at 0.001 mol/L NaCl was much greater than that
of Kt-PAM at 0 mol/L NaCl (difference of 4 cm3), but then decreased by 2 cm3 at 0.3 mol/L
52

NaCl (Figure. 3.6b). The maximum sediment volume of Kt was also observed at 0.001
mol/L and had higher sediment volume than Kt-PAM at all tested concentrations (except
pH 11.5) (Figure. 3.5 and 3.6b).
Kt-PAM particles passing the #200 sieve (75 µm) were also tested at pH 3 and 0.3 M
NaCl conditions using the same approach stated above to eliminate the effects of particle
size. The sedimentation type and final sedimentation volume were found to be consistent
with the previous results using material passing the #40 sieve for both cases (results not
shown). In other words, the influence of particle size was negligible.
3.8.2 Sedimentation Analysis Scanning Electron Microscopy Observation
Kt particles tended to form FF and EE flocs at pH 6 (Figure. 3.8a). Kt-PAM was
observed to form higher order FF aggregates (smaller FF aggregates interacting to form
much larger FF aggregates) at pH 6 (or 0 mol/L; Figure. 3.9a, and 3.9b). It should be
noted that Kt-PAM particles at pH 6 had both ordered and random FF associations
(Figure. 3.9a and 3.9b). However, ordered FF fabric arrangements of Kt-PAM were not
observed in the other cases studied here (Figure. 3.9).
At low pH (pH 3), Kt had both FF and EF fabric arrangements (Figure. 3.8b), but KtPAM formed FF aggregates that further associated into large flocs (Figure. 3.9c and
3.9d). At pH 11.5, Kt formed FF aggregates. Kt-PAM had both higher order FF and EE
fabric formation at high pH (Figure. 3.9e and 3.9f).
At moderate ionic concentration (0.001 mol/L NaCl), the particle arrangement of Kt
was predominately EF (Figure. 3.8d). At that ionic strength, the fabric of Kt-PAM was
higher order randomly arranged FF aggregated flocs, and no EF fabric was observed
through SEM (Figure. 3.9g and 3.9h). At 0.3 mol/L NaCl, Kt formed FF aggregates that
arranged in EF meso-flocs (Figure. 3.8e). Kt-PAM particles initially associated as both
higher order FF aggregates and then EE flocs (Figure. 3.9i and 3.9j). Formation of an EE
fabric layer on top of FF aggregated flocs (Figure. 3.9i) indicates EE particle association
occurred at a later time.
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3.8.2 Atterberg Limits
3.8.2.1 pH influences on liquid limit. Figure. 3.10 presents the fall cone penetration lines
of both Kt and Kt-PAM. The moisture content corresponding to a penetration depth of 20
mm is defined as the liquid limit (LL), and the determined values are listed in Table 3.2.
Kt-PAM had a significantly higher liquid limit than Kt (Figure. 3.10) for all cases tested
here. The LL of Kt-PAM decreased at pH 3 and at pH 11.5 with respect to pH 6 (Figure.
3.10a and Table 3.2). The LL of Kt at pH 3 was approximately the same as that at
intermediate pH 6 (~39 %) and decreased only slightly at high pH 11.5 (Figure. 3.10a).
3.8.2.2 Ionic concentration influences on liquid limit. Only slight differences were
observed between the LL of Kt-PAM with change in ionic concentration (Figure. 3.10b
and Table 3.2). The LL of Kt decreased with an increase in ionic concentration from 38.9%
to 37%.
3.8.2.3 Plastic limit, plasticity index, flow index. The measured plastic limit (PL) of Kt-PAM
was also found to be greater than that of Kt in all tested cases (Table 3.2). The difference
between the PL values of Kt-PAM and Kt was approximately 10%, except for the high
ionic concentration case (0.3 mol/L NaCl). The PL values for Kt at the tested pH and ionic
concentration conditions all fell within a narrow range and did not show any definitive
trends (Table 3.2). Similar results for kaolin were also found by Wang and Siu (2006).
Plasticity index (PI) and liquid limit (LL) are plotted as coordinates in Casagrande’s
plasticity chart (Figure. 3.11). The composite falls in the region designated as high
plasticity organic soil (OH). The PI values for the Kt-PAM cases tested had similar values,
~20%, except for the pH 6/ 0 mol/L NaCl case (~23%).
The flow indices (If) for the Kt and Kt-PAM cases tested here are listed in Table 3.2.
The results show that Kt-PAM has greater If values than Kt. For Kt-PAM, If increased at
high ionic concentration relative to the If at pH 6, but decreased at 0.001 mol/L NaCl, pH
3, and pH 11.5 with respect to pH 6/0 mol/L NaCl.
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3.8.3 Expansion Index
3.8.3.1 Influence of pH. The Kt-PAM specimens had a greater response to pH 6 and 11.5
solutions compared to Kt with the same test solutions (Figure. 3.12a). At low pH (pH 3),
the Kt sample was observed to swell, while Kt-PAM showed no response at the same
condition (Figure. 3.12a). However, for the pH 11.5 solution, Kt-PAM significantly
contracted relative to Kt. The EI of the Kt-PAM specimen was twice that of Kt at pH 6 and
decreased at low or high pH with respect to Kt-PAM (pH 6) (Figure. 3.13a).
3.8.3.2 Ionic concentration influences. Kt-PAM had a less volume contraction than Kt
when exposed to high ionic concentration conditions (Figure. 3.12b and 3.13b). Also, Kt
had no overall response when exposed to the 0.001 mol/L NaCl solution, while swelling
of Kt-PAM was observed at moderate ionic concentration (Figure. 3.12b and 3.13b).

3.9 Discussion

3.9.1 Low Solids and Low-Stress Conditions
The conformation response of adsorbed polymer molecules on mineral surfaces is not
instantaneous as it is in bulk solution (Kim et al. 2012a). Polymer molecules may take a
very long time to reach the equilibrium conformation, especially molecule train segments
(Israelachvili et al. 1979; Williams and Williams 1982; Kim et al. 2012a). The time required
for equilibrium depends on the molecular weight of the polymer, surface coverage, and
the binding energy between the polymer and the clay surface.
The polymer used in this study is a low molecular weight type and reaches the
equilibrium phase in a relatively short period. The Kt-PAM suspensions immediately form
a sediment layer during the initial sedimentation stage (time ≤ 1 min.). This immediate
sediment formation is due to aggregation of particles/aggregates (Figure. 3.4). After this
initial stage, the sedimentation behavior of each suspension is further influenced by the
polymer conformation. These two stages can be characterized as non-equilibrium and
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equilibrium phases. During the non-equilibrium phase, adsorbed PAM molecules have
not yet reached their final conformational state. When particle collisions occur at the
mixing stage, the adsorbed non-oriented polymer molecules on clay surface may form
large aggregated flocs due to interparticle bridging between particles/aggregates, an
increase in the van der Waals attraction force between particles, or both. Bridging occurs
when polymer molecules adsorbed onto one particle also bind to another particle at
unoccupied or free exchangeable binding sites (Ingersent et al. 1990; Ji et al. 1990).
Additionally, van der Waals attraction forces increase between particles due to the
displacement of the shear plane by adsorbed polymer molecules that decrease the
effectiveness of the DDL (Kavanagh et al. 1975; Rossi et al. 2002). Thus, particles with
adsorbed polymer molecules readily form large flocs (possibly even higher order flocs
formed with FF aggregates) and settle quickly at the beginning of sedimentation. At t ≤ 1
min, the sediment volume ranges from 4.5 to 6.75 cm 3 for the tested suspensions (Figure.
3.4b). Hence, aggregation of Kt-PAM during the non-equilibrium phase is not significantly
influenced by the surrounding fluid chemistry and ionic concentration.
Once the equilibrium phase has been reached, the irreversibly adsorbed PAM on the
mineral surface attains the most favorable conformation in the respective test fluid
(Fröberg et al. 1999). PAM molecules are expected to have partially extended
conformation at pH 6.0 (0 mol/L NaCl) (Kim 2011). In this case, PAM molecules may
bridge particles via hydrogen bonds at any available free hydroxyl site on the particle
surfaces and form flocs. If no bridging is possible, then close proximity of the particles
causes restriction of configurational freedom of the PAM molecules. The compression of
the polymer chain increases unfavorable conformational entropy, which then increases
the osmotic pressure (i.e. steric repulsive force) between polymer-adsorbed surfaces.
The resulting steric repulsive force would then dominate the system (i.e. long-range
repulsion). The sediment volume of Kt-PAM at pH 6.0 stabilized within 2 days, and
particles in suspension repel each other likely due to steric forces under this condition
and remain in a dispersive state. On the other hand, Kt particles that remain in suspension
formed loose flocs that settled slowly at pH 6.
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At intermediate pH (6), the alumina faces of Kt become slightly positively charged and
interact with negatively charged silica faces to form mostly FF fabric with EE associations
(Figure. 3.8a). EE fabric likely forms at pH close to the particle edge isoelectric point (Van
De Ven, 1994). Both FF and EE fabric associations increase the sedimentation volume
compared to Kt-PAM at pH 6, which formed more compact higher order FF aggregated
flocs under the same conditions. EE fabric formation for Kt-PAM at pH 6 is unlikely since
PAM mostly adsorbs onto the edges of Kt, and the partially extended conformation of
PAM at pH 6 hinders EE association due to repulsive steric forces.
Although PAM molecules have been observed to have coiled conformation in pH 3
bulk solution (Kim 2011), adsorption of PAM at the Kt surface changes the physical
chemistry of PAM. For example, Lochhead and Boykin (2002) found through NMR and
FTIR studies that PAM molecules adsorbed on montmorillonite clay surfaces at pH 3 have
extended conformation that loop into the bulk solution. The amine (NH 2) groups of
adsorbed PAM molecules (train segments) at the edge surfaces may protonate due to
ion dipole interaction (as previously discussed). Moreover, the Al(OH)2+ site of kaolinite
at low pH may donate a proton to the amide group of any PAM molecule present in the
vicinity of mineral surface (Mortland 1970). In addition, the pH of the clay mineral surfaces
can be 2 to 4 units less than that of the bulk solution (Mortland 1970; Frenkel 1974;
Karickhoff and Bailey 1976). The acid dissociation constant (pKa) of amide and carboxylic
acids are ~12.0 and ~5.0, respectively, in bulk solution (Komiyama and Bende, 1979;
Jabbari and Nozari 2000; Loukidou et al. 2003; Bruice and Education 2006). So, the
amine group of PAM may protonate to NH2+ at low pH (pH~3) in the clay mineral surface
micro-environment. NH2+ induces repulsion between monomer units resulting in extended
conformation of PAM molecules on the clay surface. Thus, the conformation of polymer
molecules adsorbed onto clay mineral surfaces and their response to changing fluid
conditions may differ than the molecule conformation at pH 3.
At low pH, NH2+ ions present in tail or loop segments of PAM molecules may
electrostatically compensate negatively charged basal silica faces (point of zero charge
is pH = 2 (Iler 1979)) and/or electronegative carbonyl groups (C=O) may form hydrogen
bonds with any available AlOH2+ on the aluminum basal surfaces (Lee and
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Somasundaran 1989) in suspension. As a result, loose flocs may form that join together
to form higher order FF aggregates and cause flocculated sedimentation at the
equilibrium phase. Moreover, positively charged surface hydroxyls may repel NH2+ in the
polymer chain, and so, the PAM train and tail segments may move away from the clay
edge surface to increase the interparticle distance between particles/aggregates. Any
interactions between edges and faces of clay particles are hindered due to the loss of
configurational entropy of the polymer resulting from entropic repulsion (Nabzar et al.
1984). Thus, the Kt-PAM particles organized in higher order random FF associations. The
resulting sedimentation volume was less than that of Kt at low pH (Figure. 3.7a, Figure.
3.9c and 3.9d) but higher than Kt-PAM at pH 6. The conformation of PAM induces the KtPAM particles to arrange in a more compact structure compared to Kt at pH 3, which had
a higher sedimentation volume due to the formation of EF flocs.
Based on the sedimentation results of Kt-PAM at pH 11.5, the sedimentation behavior
is mainly influenced by the possible extended conformation of polymer molecules. The
extended conformation is likely due to a net repulsion between monomer segments. At
pH = 11.5, the monomer sites become completely charged (negative COO-), and counter
ion condensation may take place due to the large charge on the polymer molecule
(Wieland and Stumm 1992). The dissolution rate of kaolin also increases significantly at
high pH (11.5) (Walther 1996). Under these conditions, the dissolution of Al3+ from the Kt
edge surfaces increases the ionic concentration (Grim 1968). Furthermore, the sodium
hydroxide (NaOH) added to the system as a pH modifier increases the concentration of
Na+ ions (estimated added concentration = 0.00316 mol/L). The concentration of Na + and
Al3+ ions may be high enough to interact with some PAM molecules and compensate
some of the negative charge (Klenina and Lebedeva 1983), causing contracted coiled
conformation of some of the PAM molecules. Kim et al. (2012a) also observed initial
contraction followed by extended conformation of nonionic high molecular weight PAM
molecules on a simulated silica surface at pH 11.5.
When polymer molecules have a coiled conformation, individual molecules may
interact with each other through intersegment attraction. Intersegment attraction may be
induced either by van der Waals forces or solvation forces (Israelachvili 2011). Thus, EE
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flocs form and settle during the equilibrium phase (Figure. 3.9f). However, the
concentrations of Na+ and Al3+ ions are not enough to completely compensate all negative
charges on the molecules. The remaining negative sites force the polymer molecules to
adopt an extended conformation. The suspension becomes dispersed and stabilized.
Both FF and EE fabric formation and extended conformation of PAM increase interparticle
distances and thereby increased the sedimentation volume of Kt-PAM at pH 11.5. On the
other hand, dissolution releases silica and alumina to promote FF aggregation of Kt at pH
11.5, leading to some sediment formation even though the dominant system fabric and
sedimentation behaviors are consistent with dispersive behavior (Figs. 5e, 6a, and 8c).
The sedimentation behavior of Kt-PAM at 0.001 mol/L was classified as mixed-mode
with initial aggregation sedimentation followed by dispersed sedimentation. PAM
molecules are likely to have extended conformation at moderate ionic concentration
(Dickinson 1991). During the equilibrium phase, attraction due to bridging is favored at
partial surface coverage. The extended molecule tails and loops may then penetrate the
double layer and bind with free hydroxyls on the mineral surface through hydrogen
bonding. The initial formation of higher order aggregated FF flocs (Figure. 3.9g and 3.9h)
is consistent with extended conformation. However, over time the steric forces may
dominate due to volume restrictions related to the loss of entropy of the approaching PAM
molecules when binding sites are not available on the particle surface. When this occurs,
the anticipated particle association is dispersed. Hence, the sedimentation type is mixedmode (aggregation-dispersed; Figure. 3.4b, 3.5b).
At moderate ionic concentration (0.001 mol/L NaCl), flocculation of Kt particles was
observed from the settling behavior (Figure. 3.4a). At moderate ionic strength (also pH
6), the positive charge edges attract the negatively charged basal plates of nearby
particles to yield EF flocs (Figure. 3.8d). This configuration results in the largest sediment
volume among all the Kt cases tested (Figs. 3.5b and 3.6b). Giese and Van Oss (2002)
also suggested that such low ambient ionic concentrations favor electrical DDL
interactions.
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At high ionic concentration (0.3 mol/L), the electrical DDL of negatively charged
surfaces is suppressed. van der Waals attractive forces prevail, and due to the large basal
surface area, FF aggregates form EF meso-scale flocs (Figure. 3.8e) and settle in a
flocculated manner. The final sediment volume of Kt becomes compact at high ionic
concentration due to the decrease in the DDL thickness.
At high ionic concentration (0.3 mol/L NaCl), the conformational configuration of PAM
is expected to be coiled (Ohmine and Tanaka 1982; Ilavsky et al. 1984). At the equilibrium
phase, the PAM molecules may then attract each other through intersegment attraction.
Since ~94% of PAM adsorption occurs on the edge surface of kaolin particles through
hydrogen bonding, EE fabric formation becomes more favorable at high ionic
concentration in the presence of PAM (Figure. 3.9i). Moreover, coiled conformation
(increased intersegment attraction) would yield an increase in the net interparticle
attractive forces such that aggregates and flocs form and settle quickly. Thus, the
resultant suspension settling is characterized as mixed-mode, consisting of both FF
aggregation and EE flocculation.
The settling rate and final sediment volume depend on the dominant interparticle
forces of the system. For example, both sedimentation volume and settling rate increase
at 0.001 mol/L NaCl compared to 0 mol/L NaCl for Kt-PAM (Figure. 3.6b and 3.7b). Both
the increase in net interparticle attractive force and increase in interparticle spacing is
consistent with the anticipated extended conformation of PAM between the particles,
which result in a larger sedimentation volume and faster settling rate compared to KtPAM at 0 mol/L.
The sediment volume of Kt-PAM at 0.3 mol/L is greater than the sediment volume at
low salt concentration but less than that at intermediate salt concentration. This
observation is consistent with coiled conformation of PAM molecules, which increases
the packing density of particles (even though EE fabric typically forms voluminous
sediment). Moreover, due to the increase in net interparticle attractive forces, the settling
rate increased by 133% at high ionic strength (consistent with coiled conformation)
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compared to that of the moderate ionic concentration case (consistent with extended
conformation; Figure. 3.7b).
SEM analysis verified that the dominant fabric of Kt-PAM particles was higher order
FF aggregated flocs. For this reason, the final sediment volumes at the end of the test
period of Kt-PAM fall within a narrow range (10.1-14.6 cm3). On the other hand, the Kt
systems have a significant variation in sedimentation volume at the end of the test period
for the cases tested due to the difference in particle associations (Figure. 3.4 and 3.6).
Hence, the conformation of PAM molecules is a significant influential factor on fabric
formation, and thereby, the resulting sedimentation characteristics for Kt-PAM.
3.9.2 High Solids and Intermediate Stress Conditions
The liquid limit of clay-mineral fine-grained soils can be influenced in two ways. The
first way is through the DDL, which is composed of both ions and water molecules. The
DDL thickness is mainly controlled by clay mineralogy and pore fluid chemistry. For
example, the LL of montmorillonite soil decreases with increasing ionic strength due to a
decrease in the DDL thickness. The second way is through the fabric structure that forms
due to interparticle forces. Kaolinite type soils that form EF flocculated fabric tend to have
higher LL as the void space formed by that fabric entraps water.
The LL test results showed that both pH and ionic concentration influence the LL of Kt
particles (Figure. 3.10 and Table 3.2). At low pH, EF flocs form due to Coulombic
attraction at low solids and low stress conditions. But, at high solids content and at
intermediate strain conditions (remolded state), particles tend to form more FF
aggregates. Larger particles (~54% finer than 2 µm) with high aspect ratios (~28) are
prone to arrange in a FF configuration (Gupta et al., 2011). As FF aggregation is the
predominant fabric for Kt at both pH 3 and pH 6, the LL in these cases are about the
same. At high pH (11.5), the dominant fabric is dispersed due to the repulsive forces
acting between the negatively charged particles, which decreases the amount of fluid
required to resist sliding of particles/clusters.
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The DDL thickness of Kt particles decreases with increasing ionic concentration
resulting in the formation of compact FF aggregates for pure kaolin clay. This FF fabric
decreases the amount of fluid required for aggregate mobilization thereby reducing the
LL of Kt (Figure. 3.10b). Similar trends have been previously observed (Palomino and
Santamarina 2005). Though the results found here deviate slightly from some other
studies (Sridharan and Prakash 1999b; Wang and Siu 2006), the differences are likely
due to variability in the sourced kaolin.
The LL of Kt-PAM depends on both the conformation of PAM and pore fluid
characteristics. The LL of Kt-PAM is ~20% higher LL than that of Kt at the pH 6/ 0 mol/L
NaCl condition. The difference in LL is mainly due to polymer properties and interparticle
forces. PAM is a known super absorber of water and can absorb 50-200 times its own
molecular weight in water (Elias 2002). Also, nonionic PAM increases the net interparticle
attractive force by shifting the hydrodynamic shear plane further away from the particle
surface. This effectively reduces the double layer thickness (repulsive force). Moreover,
polymer molecules adsorbed onto one particle can interact with available surface sites on
another particle via polymer bridging (Theng 2012; Lagaly and Dékány 2013). Both
bridging attraction and shifting of the hydrodynamic shear plane will increase the net
interparticle attractive force to form flocs and/or aggregates (Warkentin and Yong 1962;
Hiemenz and Rajagopalan 1997). Hence, the net interparticle force will have a greater
attraction component compared to Kt and could lead to higher order structures of open
flocculated FF aggregates that entrap water and increase the LL.
At pH 3, pH 11.5 and 0.001 mol/L NaCl, the decrease in LL of Kt-PAM indicates a
dispersive tendency due to an increase in the net repulsive force compared to the pH 6/0
mol/L NaCl case. The conformational response of the polymer molecule is not
instantaneous, and Kt-PAM particles tend to aggregate in a higher order FF configuration
during initial mixing (i.e. PAM at non-equilibrium conformation). Similar behavior was also
observed during the sedimentation studies. As PAM fully extends, the polymer may bridge
between available sites of other particles (i.e. increase interparticle bonding). However,
the increased concentration of polymer at high solids content increases the steric
repulsive force due to extended conformation. Hence, highly charged chains of PAM
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strongly repulse the surrounding particles with the same charge and other PAM molecules
to form loose, open and fragile flocs. Furthermore, PAM exhibits a liquid-like behavior at
extended conformation, which helps to maintain a loosely packed condition (Yoshizawa
et al. 1993). This type of loosely packed floc has a lower frictional resistance during sliding
between particles/aggregates, as indicated by a lower moisture content at the LL and
lower If for Kt-PAM at anticipated extended conformation of PAM.
At 0.3 mol/L NaCl, Kt-PAM has a slightly higher LL than Kt-PAM at 0 mol/L NaCl due
to an increase in the net attractive force. For comparison, the LL of Kt decreases from the
distilled water case to higher ionic concentration. Hence, Kt-PAM behaves differently than
Kt at 0.3 mol/L NaCl. The water absorption capacity of PAM also decreases (Elias 2002)
with increase in ionic strength. However, the increase in the net attractive force is likely
due to the increase in attraction between PAM molecules and surrounding particles
through strong segment-segment attraction induced by van der Waals forces. This
condition is attained only when the PAM molecules are coiled. The intersegment
attraction force is stronger than bridging attraction (Hiemenz and Rajagopalan 1997;
Israelachvili 2011). Particles may form voluminous EE associations in addition to higher
order aggregated FF flocs, which have high water retention in the void space. The
polymer-based bonds forming the EE flocs in the composite are likely stronger than the
van der Waals-based bonds forming the EE flocs in the Kt system, and thus less prone
to deflocculation. Furthermore, intersegment attraction increases the adhesion force
between particles. Sedimentation analysis showed that Kt-PAM has a smaller
sedimentation volume than Kt at all fluid conditions tested, with the smallest
sedimentation volume at high ionic strength. This result also indicates an increase in the
net attractive force of the Kt-PAM particles. At coiled conformation, the PAM molecules
behave as a closely packed solid-like material, and the interfacial friction is expected to
increase (Yoshizawa et al. 1993, Xiao et al. 1996). As a consequence, the composite
particles have a higher frictional resistance to resist sliding and have a higher moisture
content at the LL and larger If than Kt-PAM at 0 mol/L. Note that the LL of pure clay (Kt)
is influenced by pore fluid characteristics. On the other hand, the LL of Kt-PAM particles
is mainly influenced by the response of the polymer molecules. The LL of Kt-PAM varied
slightly at the anticipated extended and coiled conformations, as the dominant fabric of
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Kt-PAM particles is composed of both higher order FF aggregates and higher order FF
flocs. These results are consistent with the trend observed for the final sedimentation
volume of the sedimentation tests (Figure. 3.4).
3.9.3 High Solids and High Stress Conditions
The EI of pure kaolin decreases under basic conditions compared to the pH 6
condition. This contraction is likely due to the tendency for Kt to become dispersive at
higher pH (Figure. 3.12a). Moreover, mineral dissolution releases Al3+ and H4SiO4, which
causes degradation of the clay edge surface. Wahid et al. (2010a, b) proposed that both
extreme acidic and basic conditions can cause volume decrease of kaolin clay by
inducing particle rearrangement through degradation of particle edges and reduction in
the particle-to-particle friction. Dissolution effects of Kt at high pH have also been
observed in sedimentation analysis (Palomino and Santamarina 2005) and in other
studies that focus on surface speciation, permeability, etc. (Brady and Walther 1989;
Valdya and Fogler 1992). Kt at pH 3 had a similar expansion index as Kt at pH 6, which
suggests that the effect of the surrounding fluid is minimal.
The influence of pH is relatively significant for Kt-PAM compared to Kt. The
significantly higher EI of Kt-PAM at pH 6 (0 mol/L NaCl) compared to Kt can be attributed
to the adsorption of water by PAM and formation of higher order FF aggregates which
can prevent deformation due to applied stress (Figure. 3.13a). Greater deformation of KtPAM at low and high pH and moderate ionic concertation (0.001 mol/L NaCl) than Kt at
the same conditions may be due to the anticipated extended conformation of PAM.
Extended conformation would likely result in an increase in particle/aggregate
mobilization under stress as observed in the LL test results (Figure. 3.13a). SEM results
showed that at pH 6 Kt-PAM particles arranged in a more orderly FF manner. As a result,
the energy required to mobilize particles/aggregates under extended conformation of
PAM decreases. Bishop et al. (2014) also reported an increase in compressibility at
anticipated extended conformation of PAM.
At 0.3 mol/L NaCl, Kt-PAM contracted less than Kt. Kt contracted more with an
increase in ionic concentration, which can be attributed to the compression of the DDL
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(i.e. increase particle mobilization). At high salt concentrations, the cations present in the
surrounding fluid are expected to cause contracted conformation of PAM molecules.
However, PAM also reduces the mineral cation exchange capacity and interferes with the
shrinkage of the DDL (Di Emidio et al. 2015). In addition, coiled conformation of PAM
increases intersegment attraction (i.e. increase in van der Waals force), which then
results in EE fabric formation (inferred from sedimentation and SEM analysis). Moreover,
frictional resistance between particles/aggregates also increases. Consequently, the
composite exhibited less deformation than the pure clay (Kt).

3.10 Conclusions

In this study sedimentation, SEM, Atterberg limits measurements, and expansion
index tests were conducted to represent different solids concentration and stress
conditions. These tests were used to infer the fabric map of Kt-PAM under different
anticipated conformations of PAM molecules (Figure. 3.14). The following conclusions
are based on the observations presented in this study:
•

The presence of PAM on the clay surface increases particle interactions compared
to kaolin (Kt) alone. At low solids concentration and low stress levels, particle
interactions and aggregation rates increase when PAM adopts either an expected
coiled or extended conformation due to the increase in net interparticle attraction
forces. The sedimentation volume of Kt-PAM is generally less than that of Kt due
to more ordered FF fabric formation.

•

SEM analysis verified that the dominant fabric of Kt-PAM is higher order FF
aggregation. The presence of PAM on particle edges hinders EF fabric formation
due to the loss of conformation entropy. EE flocs form when PAM molecules are
expected to have coiled conformation due to the intersegment attraction between
the molecules.
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•

At intermediate stress levels, the clay-polymer composite has a higher liquid limit
(LL) than clay alone. The presence of PAM increases interparticle bonding and
adsorption of water. Extended conformation of PAM results in loose flocs and
allows for particle mobilization due to an increase in steric repulsive forces. Hence,
the liquid limit of the composite when PAM has is anticipated to have extended
conformation is less than the case when PAM is only partially extended (pH 6/ 0
mol/L NaCl). An increase in the net interparticle attraction forces, an increase in
adhesion, and a reduction in interparticle spacing are expected when PAM
molecules are coiled. These factors contribute to a higher resistance to particle
sliding and consequently increase the LL. The pure kaolin is minimally influenced
by the surrounding fluid chemistry.

•

The swell potential of the composite was more readily influenced by the pH or ionic
concentration of the test fluids compared to pure kaolin. At moderate ionic
concentration, low and high pH, Kt-PAM was observed to have less swelling than
Kt-PAM at pH 6. This is likely due to the extended conformation of PAM, which
induces particle/aggregate mobilization due to increase in repulsive forces at high
solid contents. Exposure to high ionic concentration induced less contraction of KtPAM than Kt. At high ionic concentration, the composite forms a voluminous EE
fabric and decreases the particle mobilization. This is consistent with the
anticipated coiled PAM conformation at this ionic concentration. These results
substantiate that particle-to-particle spacing and arrangement can be controlled
through changes in polymer conformation.
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Appendix
Figures

Coiled Conformation
(pH <4, c >0.05 mol/L NaCl)

Partially Extended Conformation
(4< pH < 10, c ~0 mol/L NaCl)

Extended Conformation
(pH >10.5, ~0.001 < c < 0.005 mol/L NaCl)

Figure 3.1 Conformation of PAM at various pH and ionic concentration (solid and open circles denote
neutral and charged monomers, respectively).
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Figure 3.2 Adsorption of nonionic-polyacrylamide onto kaolinite clay particles.
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Figure 3.3 Particle size distribution of Kt and composite.
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Figure 3.4 Sedimentation Volume of Kt and Kt-PAM suspensions at the tested
pH and ionic concentration conditions.
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(a) 0.3 mol/L

(b) 0.001 mol/L

(c) pH 6.0/ 0 mol/L

(d) pH 3.0

(e) pH 11.5

Figure 3.5 Sedimentation behavior modes of particle suspensions, (a) 0.3 mol/L, (b) 0.001 mol/L, (c) pH 6/ 0
mol/L, (d) pH 3, (e) pH 11.5 (
interface,

indicates level of total volume, - - - - - indicates suspension-supernatant
indicates supernatant/suspension-sediment interface at 15 days).
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Figure 3.6 Sediment volume at 15 days for the tested (a) pH and (b) ionic
concentration conditions.
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Figure 3.7 Initial Settling Rates of Kt and Kt-PAM Suspensions at the tested (a)
pH and (b) ionic concentration conditions.
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(b) pH 3

(c) pH 11.5

(d) 0.001 mol/L

(e) 0.3 mol/L

Figure 3.8 SEM images of Kt samples taken from sedimentation suspensions,
(a) pH 6/ 0 mol/L, (b) pH 3, (c) pH 11.5, (d) 0.001 mol/L, (e) 0.3 mol/L (images are in
high magnification (5000X)), (∆ FF, □ EF, ○ EE).
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Figure 3.9 SEM images of Kt-PAM samples taken from sedimentation
suspensions, (a) pH 6/ 0 mol/ L (magnification 2000X), (b) pH 6/ 0 mol/ L
(magnification 5000X), (c) pH 3 (magnification 2000X), (d) pH 3 (magnification
5000X), (e) pH 11.5 (magnification 2000X), (f) pH 11.5 (magnification 5000X), (g)
0.001 mol/ L (magnification 2000X), (h) 0.001 mol/ L (magnification 5000X), (i) 0.3
mol/ L (magnification 2000X), (j) 0.3 mol/ L (magnification 5000X), (∆ FF, ○ EE).
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(b) pH 6/ 0 mol/L
(a) pH 6/ 0 mol/L

(c) pH 3.0

(d) pH 3.0

(e) pH 11.5

(f) pH 11.5

Figure 3.9 Continued.
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(g) 0.001 mol/L

(h) 0.001 mol/L

(i) 0.3 mol/L

(j) 0.3 mol/L

Figure 3.9 Continued.
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Figure 3.10 Fall Cone Penetration Test Results for tested (a) pH and (b) ionic concentration conditions.
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Figure 3.11 Kt and Kt-PAM Atterberg Limits plotted on the Plasticity Chart
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Figure 3.12 Deformation vs. time of Kt and Kt-PAM with submerging fluids at
various (a) pH and (b) NaCl concentration.
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observations.
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Tables

Table 3.1 Summary of Sedimentation Modes Defined for This Study (after
Palomino and Santamarina (2005))
Sedimentation
Mode

Supernatant
Appearance

FF Aggregation

Clear

EF Flocculation

Clear

Dispersed

Cloudy

Mixed-Mode

Cloudy →
clear

Suspension
-Supernatant
Interface
Well-defined,
moves
downward
Well-defined,
moves
downward

SuspensionSediment
Interface

Settling
Rate

None

Very rapid

Compact →
voluminous

None

Rapid

Voluminous

None

Well-defined,
moves upward

Very slow

Compact

None → welldefined

Well-defined →
none

Slow →
rapid

Layer of compact
sediment below
layer of voluminous
sediment
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Sediment
Volume

Table 3.2. Summary of Results: Sedimentation Analysis and Atterberg limits
tests
Sedimentation (low
solids content)
Condition

Sample
Observed Mode
Kt

0 mol/L NaCl
Kt-PAM
0.001 mol/L
NaCl

Kt
Kt-PAM
Kt

0.3 mol/L NaCl

Kt-PAM
Kt

pH 3.0

Kt-PAM
Kt

pH 6.0
Kt-PAM
Kt
pH 11.5

Kt-PAM

Mixed (aggregated &
dispersed)
Mixed (aggregated &
dispersed)
Flocculation
Mixed (aggregated &
dispersed)
Flocculation
Mixed (aggregated &
flocculated)
Flocculation
Mixed (aggregated &
flocculated)
Mixed (aggregated &
dispersed)
Mixed (aggregated &
dispersed)
Dispersed
Mixed (aggregated &
dispersed)

*Note: Plasticity index, PI=LL-PL
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Atterberg Limits (high solids content)
Liquid
Limit (LL)
(%)

Plastic Limit
(PL) (%)

Flow Index, If

38.9

26.9

18.4

58.5

35.6

38.5

38.5

27.1

20.6

57.5

37.5

34.7

37

26.8

27.1

59.5

39.6

42.4

39.5

27.3

17.8

55.1

35.1

19.1

38.9

26.9

18.4

58.5

35.6

38.5

36.9

25.3

16.7

56

36.8

36.3

CHAPTER FOUR
SHEAR STRENGTH OF “TUNABLE” CLAY-POLYMER
COMPOSITES

96

The main author of this manuscript was Bijoy K. Halder who have done manuscript
writing and all the experiments. This manuscript is submitted to Can. Geotech. J. for
publication.

4.1 Abstract

This study focuses on the consolidated undrained stress-strain behavior of a “tunable”
clay-polymer composite composed of kaolin and polyacrylamide under different confining
stress, ionic concentration and pH conditions that promote changes in polymer molecule
conformation (coiled, partially extended or extended). Based on the experimental results,
the shear strength of the composite is controlled by the formation of higher order face-toface aggregated flocs under anticipated partially extended conformation conditions, and
localized dilation under a low confining stress (100 kPa) was observed. Under high
confining stress (200 kPa), the composite has a more contractive tendency compared to
pure clay due to breakage of aggregates and flattened conformation of the polymer. The
composite at partially extended conformation shows no thixotropic rearrangement of
particles when overconsolidated. Both the coiled and extended conformations of polymer
molecules promote apparent overconsolidation due to an increase in interparticle bonding
and in contact area by forming large aggregated flocs. However, the composite shear
strength at coiled or extended conformation is mostly influenced by the conformation of
polymer molecules. The clay-polymer composite is more responsive to change in pH and
ionic concentration than pure clay and demonstrates the “tunability” of the composite.
Keywords: Kaolin, Triaxial, Responsive, Conformation, Polyacrylamide, Shear
Strength, Critical State.
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4.2 Introduction

Due to the low shear strength of clay, many physical and/or chemical treatments have
been implemented to improve mechanical properties of clay. These alterations are
typically permanent and cannot be manipulated once implemented. However, clay soils
treated with responsive polymers have great potential as an innovative geo-material for
a wide variety of applications in which there is a need for the material or exposed surface
area to be modified over time. For example, sand amended by a tunable thermally
sensitive polymer showed controllable and fully reversible surface wettability
characteristics at high and low temperatures (Dong and Pamukcu 2012). Hence, there is
a need for engineered functional materials that can change the behavior of material with
alteration of surrounding environment to achieve desired engineering properties.
The behavior of a functional clay-polymer composite material is governed by the
responsiveness of the polymer to external stimuli such as a change in ionic concentration,
pH, temperature, and load. The responsive polymer molecules respond to external stimuli
by changing conformation (i.e. molecular size and shape. Changes in the conformation
of the polymer molecule – coiled, partially extended or extended – lead to changes in
interparticle/inter-aggregate spacings and the respective particle level forces. These
responses are reversible, which makes the composite material “tunable”. In this type of
chemical modification technique, the functional sites of the polymer molecules interact
with the surfaces of the clay particles. Thus, it is expected that the conformation of the
molecules can be used to manipulate interparticle spacing, which in turn, influences
changes in fabric and thereby alters soil properties. Previous studies on the influence of
polymer and organic molecules on mechanical properties are listed in Table 4.1.
Currently, little is known about the extent to which responsive polymer molecule
conformation influences the material properties of clay-polymer composites due to the
complexity and interaction of the polymer with clay particles. In this study, a novel claypolymer composite was synthesized through a solution intercalation technique using a
non-expansive clay (kaolin) and a responsive polymer (polyacrylamide; PAM). Previous
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studies on this particular “tunable” clay-polymer composite focused on Atterberg limits,
swelling, and deformation properties (Halder et al. 2017a, Halder et al. 2017b, Bishop et
al. 2014; Kim et al. 2012). The focus of this study is to investigate the mechanical
behavior, specifically consolidated undrained shear strength, of the “tunable” claypolymer composite under different confining stress, ionic concentration and pH
conditions. The ionic concentrations and pH values for this study were selected to
promote the maximum level of extended and coiled conformations of polymer molecules
(Figure. 4.1) and are consistent with previous studies of “tunable” composite materials.
Note that PAM is predicted to have coiled conformation in a low pH (pH < 4) bulk solution.
However, the conformation of PAM once attached to a kaolin surface may actually be
extended at low pH due to changes in physical chemistry of PAM (Halder et al. 2017b).

4.3 Shear Strength Mechanism of clay and Effect of Polymer

Mechanical properties of fine-grain particles depend on chemical parameters such as
interaction through the diffuse double layer (DDL), van der Waals forces, primary valence
bonds between particles, hydrogen bonds shared between adjacent particles, bonds
shared between adsorbed cations on adjacent particles and cementation bonds, in
addition to size, shape, packing and physical properties of the individual grains (Olson
1974; Pusch and Yong 2006). These parameters of fine-grain soils can be influenced by
many factors including mineral type, water content, nature of the pore fluid, stress history,
drainage during shearing, stress path, rate of loading, temperature and soil fabric
(Sridharan and Rao 1979). Moreover, adsorption of a nonionic polymer further influences
the surface forces and any motion-dependent phenomena (Klein 1996). For example,
depending on the effective thickness of adsorbed polymer onto the clay surface, the shear
plane can be displaced further away from the clay mineral surface and influence the
repulsive forces of the double layer (Deng et al. 2006; Rossi et al. 2002; Spitzer et al.
1989).
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Fine-grained soils made of clay minerals carry negative charges on their surfaces
under moderate pH and ionic concentration conditions. Due to their high specific surface
area, the electrostatic repulsive and attractive forces interacting on the mineral surfaces
strongly influence the engineering behavior at the particle level. Considering the abovementioned factors, different investigators have modified Terghazi’s effective stress
concept for fine-grained soils that take into account the attractive (A) and repulsive (R)
forces of electrochemical nature. Effective stress, σ′ of saturated fine-grained soil can
then be defined as (Lambe 1960; Sridharan 1968; Sridharan and Venkatappa Rao 1973):
σ' =σ-u+(A-R)
where σ is the total stress, u= pore water pressure.
Both attractive forces and repulsive forces arise due to the electrochemical nature of
the clay surface (Kruyt 1965; Lambe 1953; Lambe 1958; Rosenqvist 1955). Significant
pressures may exist between clay particles due to these forces even though the particles
are not in contact and/or there is no external force. The repulsive force is attributed
primarily to the interaction of the DDLs between particles. The factors that increase the
double layer repulsive force are a decrease in electrolyte concentration, change in cation
valence in the pore fluid from higher to lower valence, increasing dielectric properties of
the pore fluid, and decreasing temperature (Mitchell and Soga 2005).
If a polymer is introduced to a clay mineral system, the polymer may induce a steric
repulsive force. This can occur when polymer-adsorbed particles approach each other,
and the interaction region becomes saturated with a polymer molecule such that no more
bonding sites are available for bridging (attractive polymer mediated interactions that bind
several particles by intrachains). Polymer molecules then repel each other due to the
restriction of orientational freedom (Israelachvili 2011). Moreover, the steric force further
increases at extended conformation of the polymer molecule.
The principle contributors of attractive forces are van der Waals forces, hydrogen
bonds, dipole attraction, and primary valence bonding between colloidal particles (Lambe
1953; Lambe 1958; Seed et al. 1960). Attractive forces can be greatly enhanced by
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cementation bonds and interaction with an organic or polymeric substance. Physical
coupling and hydrogen bonds between clay particles and polymers yield an increase in
the attractive force. This attractive force may increase by several fold when polymer
molecules have coiled conformation and interact with each other through intersegment
attraction caused by van der Waals or solvation forces (Israelachvili 2011).
Fine-grained soil shear strength is considered to have three components: apparent
cohesion, dilatancy, and friction (Lambe 1960). Apparent cohesion is not an inherent
property of fine-grained soils. Rather, this phenomenon occurs due to different
physicochemical forces (e.g. van der Waals, Coulombic interactions, hydrogen bonds).
Thus, cohesion increases if the net interparticle attractive force increases in a clayelectrolyte system. Certain types of polymers may form many hydrogen bonds with
particles, which then combine with van der Waals forces to contribute to cohesion.
Cohesion may also develop due to the apparent structural viscosity of water adsorbed on
the mineral surface. Langmuir (1917) and Rosenqvist (1955) suggested that the water
held directly on the surface of colloidal particles has a quasi-crystalline structure due to
the presence of a force field in the particulate system. Thus, the viscosity of water is
somewhat higher very near the mineral surface compared to water in bulk solution. The
presence of a polymer may further alter the distribution of water molecules, which leads
to an increase in apparent viscosity of the clay-polymer interconnected network.
The next shear strength component, dilatancy develops due to both electrical and
physical particle interactions during shearing (Lambe 1960). Clay particles without any
bonds experience only small movements of particles normal to failure plane due to
roughness during the shearing stage. The resultant effect causes insignificant dilatancy.
However, in the case of bonded clay particles, appreciable movement of
particles/aggregates occurs normal to the failure plane due to macroscopic interlocking.
This results in an increase in volume and a higher mobilized shear strength.
The frictional resistance, typically considered to be primarily a physical phenomenon,
can be considered physicochemical in the clay-water system. When two clay particles are
brought into contact, the stress is transmitted initially through the layer of adsorbed water,
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ions present in the diffuse double layer, exchangeable cations, and then through particle
contact (Yong et al. 2012). Thus, the frictional resistance of clay particles may increase
further with an increase in ionic concentration. Moreover, the presence of a polymer and
the conformation of the polymer molecules in between particles further affects interlocking
(i.e. interfacial friction). For example, Xiao et al. (1996) found that short-chain alkylsilane
molecules (i.e. coiled conformation) assembled on mica have a higher frictional
resistance than mica with longer chain molecules.
Modification of clay surfaces with polymers is not a new technology. However,
practical applications of such composites are still limited as the heterogeneous nature of
the organic phase makes it difficult to quantify the mechanical behavior of soils. Thus, this
study takes into account the behavior of a specific nonionic responsive polymer,
polyacrylamide (PAM), by considering its physicochemical parameters such as molar
mass, size, electric charge density, and conformational response under different confining
stress and pore fluid conditions that influence the net interparticle attractive force, fabric
formation, and friction in order to modify the mechanical strength of a “tunable” claypolymer composite.

4.4 Materials

The clay used in this study is a commercially available kaolin, mostly composed of the
mineral kaolinite (trade name Acti-Min-SA1; Active Minerals International, Gordon,
Georgia, USA). The kaolin was converted to monoionic sodium form, herein referred to
as Kt, by adopting the method developed by Palomino and Santamarina (2005). The
physical properties of Kt used in this study can be found in (Kim et al. 2009).
Adsorption of the non-ionic polymer does not strongly affect the surface charge
density, specific adsorption, position of the isoelectric point, or the charge distribution in
the diffuse part of double layer (Kavanagh et al. 1975). Therefore, a commercially
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available non-ionic polymer polyacrylamide (PAM) was selected for this study (trade
name N300 LMW; Cytec Industries Inc.; West Paterson, New Jersey, USA). The
conformation characteristics of PAM (-CH2CHCONH2-) depend on the charge fraction of
two functional groups: carbonyl (C=O) and amide (-NH2). These two groups can undergo
different reactions under different external stimuli (i.e. pH and ionic concentration) to
influence the conformational characteristic of PAM.
Distilled water (DW) was used to prepare the clay slurries, composites, and the pH
and electrolyte solutions. The distilled water pH is ≈ 6.0 and electrical conductivity  2
µS/cm (equivalent to approximately 0 M NaCl; Accumet XL 50 pH-Ion Conductivity Meter,
Fisher Scientific). The test matrix was based on the varying the solution pH and ionic
strength. To maximize the conformation of PAM molecules onto the clay surface, pH 3
was selected as the low pH condition and pH 11.5 as the high pH condition. The solutions
were prepared by mixing distilled water with HCl to lower the pH and NaOH to raise the
pH. NaCl salt (McMaster-Carr) was added to distilled water to make the electrolytes at
concentrations of 0.001 M and 0.3 M. A moderate ionic concentration of 0.001 M and high
ionic concentration of 0.3 M promote extended and coiled conformation of PAM,
respectively (Figure. 4.1).
The clay-polymer composite was prepared as described by Kim and Palomino (2009)
using a solution intercalation technique. The kaolin-polyacrylamide composite (Kt-PAM)
was synthesized at a clay to polymer volume ratio of 62.5 in slurry form (0.46% of clay
dry weight). The slurry was then oven-dried and ground using a soil grinder (Humboldt H4199). Only the material passing the #40 (425 µm) sieve was used in this study. The
physical properties of Kt-PAM used in this investigation can be found in (Kim et al. 2009).

4.5 Specimen Preparation and Experimental Methods

Consolidated undrained (CU) triaxial testing was conducted on both the mono-ionic
kaolin (Kt) and the kaolin-PAM composite (Kt-PAM). The experimental methods consist
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of specimen preparation from slurry form, back saturation, isotropic consolidation in a
triaxial cell, leaching if required, and triaxial undrained shearing.
The specimens were prepared by initially consolidating the respective materials from
the slurry form. The slurries were made by mixing the dry solids that passed through the
#40 sieve with each of the test solutions (DW, pH 3, 0.001 M NaCl, 0.3 M NaCl). The
initial water contents of the Kt and Kt-PAM slurries were 100% and 107%, respectively.
However, due to the dispersive nature at pH 11.5, both the Kt and Kt-PAM were mixed at
water contents of 90% and 100% at this pH, respectively. After mixing, the slurries were
allowed to hydrate for 24 hours. The slurries were then poured into 50-mm (2 in.) diameter
perforated PVC tubes lined with a polypropylene filter paper and consolidated to 100 kPa
(14.5 psi). The CU triaxial testing procedures used in this study were based on ASTM
D4767-11. The specimens were trimmed to the dimensions of 35.6 mm (1.4 in) in
diameter and 71 mm (2.8 in) in height. A back pressure of 300 kPa was applied to saturate
the specimen to a target B value of 0.95.
The objective of this study is to investigate the shear behavior of the clay-polymer
composite for three different cases: (1) different confining pressures, (2) long-term
response time, and (3) short-term response time.
Case 1 focuses on the material response under different confining pressures (i.e. 50
kPa, 100 kPa, 200 kPa). The specimens were prepared by mixing the dry solids with DW
(~pH 6) and consolidating the slurry to 100 kPa. Hence, the initial fabric and conformation
of the polymer of the slurry consolidated specimens were the same. After completion of
back saturation, some of the specimens were normally consolidated (NC) to 100 kPa or
to 200 kPa and then sheared. Other overconsolidated specimens were isotropically
consolidated to 200 kPa, unloaded to either 100 kPa or 50 kPa, and then sheared to
observe the influence of overconsolidation (OC) on the clay-polymer composite. The
isotropic consolidation pressure is denoted as Ppꞌ, and is equal to 200 kPa in this study.
The confining pressure during shearing is denoted as P iꞌ and is either 50 or 100 kPa.
𝑃𝑝 ′

Hence, the overconsolidation ratio, OCR ( 𝑃 ′ ) of the OC specimens studied here are either
𝑖

2 or 4.
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Two different specimen preparation methods were used to investigate the response
time of the composite, long-term (Case 2) and short-term (Case 3). The samples were
sheared under the same confining pressure (100 kPa). The long-term and short-term
specimen preparation methods are depicted in Figure. 4.2. The long-term preparation
method (Figure. 4.2-a) consists of directly mixing the dry solids with a given test fluid to
make the slurry. When the solids are directly mixed with the desired test fluid, both the
PAM molecule conformation and clay mineralogy will influence fabric, and subsequently,
the material behavior. This specimen preparation technique is utilized in this study to
simulate the composite material response after prolonged exposure to the test fluid, i.e.
long-term.
The short-term preparation method (Fig 4.2-b) consists of mixing the dry solids with
DW to make the slurry prior to initial consolidation. The initial fabric is then the same for
the tested specimens. After consolidating the specimens isotropically to 100 kPa, the pore
fluid in these specimens was replaced (leached) with a solution at the desired pH/salt
concentration to emulate short-term effects. For these specimens, the polymer molecule
conformation will likely play a greater role in the overall material response.
For the leached specimens, a hydraulic gradient of i=50 was used to replace the pore
fluid with the desired test fluid while maintaining an overconsolidation state to prevent
seepage-induced consolidation (Pane et al. 1983). The gradient was created by
maintaining a cell pressure of 400 kPa, inlet pressure of 380 kPa, and outlet pressure of
345.5 kPa. The pore fluid replacement process was terminated after at least 10 pore
volumes of solution had passed through the specimen. The specimen was then
consolidated again under 100 kPa effective confining pressure prior to shearing. All
changes in specimen size due to consolidation, pore fluid leaching, and polymer
conformation effects were recorded based on volume change measurements as indicated
by the pressure panel burettes.
Triaxial testing was performed using an automated loading frame (Geotec, Houston,
TX; model #S600). The strain used for shearing was 0.5%/hr (ASTM D4767-11). The
strain rate was slow enough to ensure that 95% of the pore pressure equalized during
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shearing (Blight 1963). The vertical deformation, vertical load, pore fluid pressure, and
cell pressure were measured. Corrections for specimen cross-sectional area changes,
membrane stiffness, and friction between the loading rod and bushing have been applied
to calculate stress and strain. The temperature of lab was maintained at 23°C during
testing period.

4.6 Results

Results of 27 different tests are presented here. Several tests were repeated to ensure
the accuracy of the obtained results. Ten tests were performed to investigate the longterm influence of polymer conformation, nine tests were conducted to simulate the shortterm behavior, and the remaining tests were performed to observe the material response
under different confining stresses.
The stress-strain response for each specimen is presented according to the following
convention:
(𝜎1 ′ +2𝜎3 ′ )

Effective mean principal stress:

𝑝′ =

Deviatoric stress:

𝑞 = 𝜎1 ′ − 𝜎3 ′

Principal stress ratio:

PSR = 𝜎1 ′

3

𝜎 ′
3

Eq. (1)
Eq. (2)
Eq. (3)

Axial strain is designated as 𝜀 (%).
4.6.1 Influence of confining stress (Case 1)
Kt and Kt-PAM specimens prepared with DW were isotropically consolidated in a
triaxial cell under different confining stresses to study the effect of stress history on Kt-
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PAM and compare to the behavior of Kt. The results of both NC and OC specimens are
shown in Figure. 4.3 through Figure. 4.6.
From Figure. 4.3, the critical state slope of pure mono-ionic Kt is M=1.05, which
corresponds to a critical state friction angle Φcs of 26.5°. At Pꞌp=100 kPa, the NC Kt-PAM
specimens have approximately twice the shear strength of Kt. At high confining stress
(Pc=200 kPa), both Kt and Kt-PAM have a similar peak shear strength, though the
effective stress paths are different. The peak strength of the composite material is a result
of fabric structuring (Poulos 1988), whereas the normally consolidated clay does not have
a peak strength. Moreover, the critical state line of Kt-PAM in the p′-q space does not go
through the origin. This implies that the bonding between the clay-polymer interconnected
networks at the slip plane was not completely destroyed at high strains, and the bonds
between PAM and clay particles subsequently break and reform in the shearing process.
Figure. 4.4 shows that at low confining stress (100 kPa), Kt-PAM has the largest
principal stress ratio (PSR) compared to other specimens. Also, the PSR of Kt-PAM
𝜎 ′

decreases with increasing confining stress. The maximum PSR ((𝜎1 ′)max) of Kt-PAM is at
3

Pꞌp =100 and Pꞌi = 100, which is much lower than (by ~52%) Kt-PAM at Pꞌp = 200, Pꞌi =
200.
The response of OC Kt and Kt-PAM specimens is shown in Figs. 5-a and 5-b. The
behavior of the OC Kt specimens are typical and tend to contract when sheared, even at
high OCR=4 (Figure. 4.5-a). The effective stress paths in pꞌ-q space of the OC Kt-PAM
specimens shows no contraction at OCR = 2 or 4, and the initial portion of the stress path
indicates that there is no change in the mean effective stress, p′. After reaching the
maximum deviatoric stress, the OC Kt-PAM specimens again show no change in p′. The
Kt-PAM specimens all reach a similar peak strength regardless of the confining stress
during the shearing stage (Figure. 4.5-b).
The response of the specimens at critical state is plotted in the e-ln pꞌ space in Figure.
4.6. The critical state parameter λ values for Kt and Kt-PAM are 0.059 and 0.068,
respectively. The κ values for Kt and Kt-PAM are 0.028 and 0.029, respectively (Bishop
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2013). These values were used to plot the isotropic consolidation and unloading line. All
of the OC Kt specimens used in this study fall into the wet side of the critical state line
(CSL) of Kt. As a result, the OC specimens did not show any tendency to dilate since the
specimens were only lightly overconsolidated during shearing. But Kt-PAM at OCR=4
falls on the dry side of the CSL (heavily overconsolidated) and dilates during shearing
(Figure. 4.4b). Note that although both Kt and Kt-PAM have comparable void ratios at the
same consolidation pressure, the CSL of Kt-PAM is located above the CSL of Kt (Figure.
4.6), indicating Kt-PAM develops lower pore water pressures. Moreover, the slopes of the
NCL and CSL of Kt-PAM are slightly greater than that of Kt, which implies that the
composite is more prone to structural changes at higher confining stresses.
4.6.2 Influence of pH and ionic concentration on triaxial shear behavior
Another objective of this study is to understand the influence of polymer conformation
due to pH or ionic concentration of the pore fluid on the shear response of the composite
and compare with that of Kt. These specimens were consolidated and sheared at 100
kPa. The specimens were exposed to specific pH and ionic concentration conditions that
promote anticipated extended, partially extended, or coiled conformation of the polymer
molecules on the clay surface (Figure. 4.1). A summary of the CU triaxial test results is
given in Table 4.2 and Table 4.3. The results of the CU triaxial tests were analyzed and
grouped according to the two specimen preparation methods for simulating long-term and
short-term effects.
4.6.2.1 Excess pore water pressure
Short-term effects due to pH and ionic concentration (Case 2). The affect of pH and ionic
concentration on the excess pore water pressure (pwp) normalized with effective
confining stress, 𝜎𝑐 ′ =100 kPa for the leached specimens (short-term effects), is shown in
Figs. 7-a and 7-b, respectively. The corresponding void ratios can be found in Table 4.2.
For the cases tested here, the Kt specimens were observed to have a greater change
in pwp during shearing compared to Kt-PAM. The measured pwp at pH 3 and pH 11.5 is
less than that at pH 6 for both Kt and Kt-PAM specimens (Figure. 4.7-a). An increase in
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the ionic concentration of the pore fluid does not appear to have a significant affect on
the pwp of the leached Kt specimens. The response is similar to Kt specimens leached
with a 0 M (distilled water) solution (Figure. 4.7-b). The CU test for the case of Kt leached
with 0.001 M NaCl was not conducted due to the observed insignificant leaching affect of
ionic concentration on pure clay (Kt). Kt-PAM at a moderate ionic concentration (0.001 M
NaCl) has a slightly lower pwp than Kt-PAM leached with 0 M NaCl. Kt-PAM leached with
0.3 M NaCl has a slightly higher excess pore water pressure at low strain and slightly
lower excess pore water pressure at higher strain (> 11%) with respect to Kt-PAM leached
with DW (0 M NaCl).
Long-term effects due to pH and ionic concentration (Case 3). Figs. 8-a and 8-b show the
excess pore water pressure normalized with respect to effective confining stress, 𝜎𝑐 ′ =
100 kPa, for the specimens simulating long-term effects. The void ratios of the specimens
are given in Table 4.3. The normalized excess pore water pressures generated during
shearing for Kt-PAM are less than the corresponding Kt specimens for all pH and ionic
concentration conditions investigated. Figure. 4.8-a shows that the pore pressure of Kt
specimens increases during shearing, which indicates the contractive tendency of Kt. The
pwp of Kt-PAM specimens at pH 6 and pH 3 conditions increased with axial strain until
reaching a plateau, while the pwp of Kt-PAM at pH 11.5 increased to a maximum value
then decreased. These results imply that Kt-PAM is generally less contractive (more
dilative) compared to Kt, since the pwp of Kt-PAM reaches a constant level or decreases
during shearing.
An increase in the ionic concentration results in a decrease in the pwp of Kt specimens
(Figure. 4.8-b). However, the composite specimens did not follow the same trend. At
moderate and high ionic concentrations, Kt-PAM has a higher pwp at small strains than
Kt-PAM at 0 M NaCl. At higher strains (>11 %), the pwp of Kt-PAM (at moderate or high
ionic strength) decreases, possibly due to the tendency for the material to dilate.
4.6.2.2 Stress-Strain relationship
Short-term effects due to pH and ionic concentration. Figure. 4.9 depicts the variation of
normalized deviator stress with axial strain for Kt and Kt-PAM specimens simulating short109

term effects influenced by pH and ionic concentration. The Kt specimens did not show
any significant variation in the strength-strain curve for the test fluid conditions studied
here. Kt-PAM has a higher strength than Kt in all cases. Kt-PAM specimens at pH 3, pH
11.5, and 0.001 M NaCl have a lower deviator stress during shearing compared to KtPAM with DW (~pH 6). The Kt-PAM specimen leached with 0.3 M NaCl had less strength
during the initial shearing stage than Kt-PAM leached with DW (Figure. 4.9-b). At higher
strain, the deviator stress of Kt-PAM (0.3 M) continued to increase resulting in a higher
strength at high strain compared to Kt-PAM (0 M).
𝜎 ′

The effective principal stress ratio, (𝜎1 ′), can be an effective way to analyze soil shear
3

strain behavior (Wroth and Loudon 1967). Figure. 4.10 shows the relationship between
principal stress ratio (PSR) and axial strain of short-term specimens. Although Kt
specimens leached with different pore fluids did not show variation in strength in the
normalized deviator stress-axial strain space (Figure. 4.9), the PSR highlights the effect
of leaching Kt specimens with various pH and ionic concentration solutions. The PSR of
Kt only slightly decreases when leached with pH 3, pH 11.5, and 0.3 M NaCl solutions
compared to the distilled water case. On the other hand, the Kt-PAM specimens showed
a greater sensitivity to changes in pH and ionic concentration. Note that the peak stress
is not clearly identifiable for the Kt-PAM specimens in Figure. 4.9. Yet, the peak stress is
apparent in the PSR-axial strain space (Figure. 4.10). Furthermore, the maximum PSR
occurs at a lower strain than the maximum normalized deviator stress for the Kt-PAM
specimens (Table 4.2).
Long-term effects due to pH and ionic concentration (Case 3). Figure. 4.11 shows the
variation of normalized deviator stress with axial strain for Kt and Kt-PAM specimens
simulating long-term effects influenced by pH and ionic concentration. The maximum
deviator strength of the Kt specimens decreased by approximately 12% at pH 3 and
increased by ~12% at pH 11.5 compared to Kt at pH 6 (Table 4. 3). Moreover, at high
strain, the Kt-specimens show a decrease in deviator stress during shearing due to their
contractive response. At lower strain, Kt-PAM specimens at pH 3 and pH 11.5 exhibit
lower deviator stress compared to Kt-PAM at pH 6. The deviator stress of Kt-PAM (pH 3
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and pH 11.5) then increases at high strain due to dilation as shearing continues (Figure.
4.11-a). According to the results presented in Figure. 4.11-b, Kt has a higher shear
strength at 0.001 M and 0.3 M NaCl than that of Kt with 0 M NaCl. However, Kt-PAM has
a lower deviator stress at low strain with 0.001 M and 0.3 M. At high strain (>10 %), KtPAM dilates and the deviator stress increases with respect to strain during shearing.
The relationship between the PSR and axial strain is shown in Figure. 4.12 for the
specimens simulating long-term effects. For both the Kt and Kt-PAM specimens, any
deviation in the test fluid pH from pH 6 resulted in a decrease of the PSR (Figure. 4.12a). However, the influence of ionic concentration on the long-term specimens is such that
the maximum effective stress ratio for Kt at 0.001 M NaCl is much greater (~61%) than
that of Kt with 0 M NaCl (Table 4.3 and Figure. 4.12-b). The maximum PSR for Kt-PAM
decreases slightly with an increase in ionic concentration compared to Kt-PAM with 0 M
NaCl (Figure. 4.12-b). The PSR of Kt-PAM appears to be more sensitive to pH compared
to Kt, while that of Kt is more sensitive to ionic concentration.
4.6.2.3 Stress paths
Short-term effects due to pH and ionic concentration (Case 2). Figure. 4.13 illustrates the
normalized effective stress paths in the pꞌ-q space for the specimens simulating shortterm effects under an effective confinement of 100 kPa. These figures show that Kt has
a tendency to contract during shearing. The Kt specimens all have nearly identical
effective stress paths due to the initial similarities in fabric and the relative insignificance
of physicochemical effects at the tested pH and ionic concentration conditions. Kt-PAM
with DW (pH 6 / 0 M NaCl) also tended to contract but was less contractive during
shearing compared to Kt. Kt-PAM leached with pH 3 and pH 11.5 solutions were more
deformable than Kt-PAM leached with DW (~pH 6). Both Kt-PAM with pH 3 and pH 11.5
have identical effective stress paths. As shown in Fig 12-b, the stress paths for Kt-PAM
at moderate ionic concentration (0.001 M NaCl) and high ionic concentration (0.3 M NaCl)
are different from each other. The stress path of Kt-PAM at 0.001 M NaCl approaches the
origin at higher strain and demonstrates a more contractive response compared to KtPAM with 0 M NaCl. This behavior is similar to the behavior of Kt-PAM at low/high pH.
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However, Kt-PAM with 0.3 M NaCl exhibits a phase transformation, which is defined here
as an observed transition of the material from compressive to expansive volume change
(Ishihara et al. 1975). The observed phase transformation starts at ε ≥ 4.0%. At the
beginning of the phase transformation, the effective mean principal stress (𝑝′ ) is constant
and then increases as dilation takes place.
Long-term effects due to pH and ionic concentration (Case 3). Figure. 4.14 presents the
normalized effective stress path in the pꞌ-q space of specimens simulating long-term
effects under an effective confinement of 100 kPa. These figures show that Kt is more
contractive than Kt-PAM. However, Kt-PAM has a contractive tendency at pH 6 / 0 M
NaCl but has a phase transformation response (i.e. dilative response following initial
contraction) when exposed to other test solutions. The dilative response tends to occur
starting at ε ≥ 3.0%.

4.7 Discussion

The focus of this study is to understand the influence of polymer conformation on the
undrained shear strength of a “tunable” clay-polymer composite. Three different test
matrices were applied to highlight: a) material response with respect to the variation of
confining stress under DW (pH 6/ 0 M NaCl), b) influence of coiled conformation of PAM
molecule, and c) impact of extended conformation of PAM molecule. The following is a
discussion of the obtained results.
4.7.1 Behavior of Composite behavior under different confining stresses
As shown in Figure. 4.3, the peak strength and effective stress path of Kt-PAM are
significantly influenced by confining stress, much more so than Kt. Thus, the confining
stress itself may affect the conformation of PAM and thereby the interparticle forces and
subsequent fabric rearrangement. At low confining stress (100 kPa), the composite shear
strength is significantly higher (~200%) than that of Kt with DW. The stress-strain curves
112

for the Kt-PAM specimens with DW show that the material exhibits ductile behavior and
maintains a maximum deviatoric stress up to approximately 15% axial strain. This
strength increase is mainly due to an increase in adhesion forces: (1) the presence of
hydrogen bonds, covalent bonds, and van der Waals attraction forces between PAM
molecules and clay particles (Mittal 2015), (2) a greater apparent viscosity of PAM
compared to water (Nugent 2011), and (3) a decrease in the double layer thickness due
to a shift in the hydrodynamic shear plane away from the particle surface when PAM is
adsorbed (Spitzer et al. 1989). The result of these phenomena is the formation of higher
order aggregated face-face (FF) mesoscale flocs. These aggregates provide larger
contact areas and greater interlocking during shearing. Moreover, the Kt-PAM specimens
exhibit a peak strength at large strains (Fig 3). The higher order aggregated FF mesoflocs behave as single densely packed particles (relative to the arrangement of Kt
particles) and dilate locally to cause bulging of Kt-PAM specimens (Figure. 4.15-a). This
localized bulging increases the local void ratio and decreases the pore water pressure,
resulting in an increase of the principal stress ratio/mean failure effective stress of KtPAM compared to Kt in all cases studied here (Figure. 4.4 and Figure. 4.6). On the other
hand, Kt specimens exhibit brittle fracture (loose condition compared to composite) during
shearing (Figure. 4.15-b). Hence, the composite specimens appear to demonstrate
localization of stress at low confining stress. Also, it is worth noting that composite KtPAM has higher peak friction angle than Kt (Table 4.3). The main reason for high peak
friction angle of the composite is that shearing occurs between higher order face-to-face
aggregated particles. Polymer molecule acting as cementing and bonding agent between
particle aggregation. A similar high peak friction angle has been found in 12% cement
admixed clay (Horpibulsuk et al. 2004).
Figure. 4.3 indicates that at low confining stress (100 kPa), Kt-PAM has a higher
deviator stress than Kt at any strain level. At intermediate confining stress (150 kPa), both
Kt-PAM and Kt develop similar deviator stresses at low strain. However, at high confining
stress (200 kPa), Kt-PAM tends to be more compressible than Kt. Kt-PAM has a lower
deviator stress at any strain level, except at the strain where the peak strength of Kt-PAM
is approximately the same as the maximum deviatoric stress of Kt.
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The stress strain behavior of composite with change in confining stress described
above is likely due to the change in polymer conformation and aggregate breakage.
Flexible polymer molecules with weak monomer-monomer attraction (e.g. PAM in DW)
are likely to adopt a flattened conformation on the clay mineral surface at high confining
stress (Edvinsson et al. 2002; Figure. 4.16). Furthermore, the steric repulsive force
between polymer molecules increases at high solids concentration. The increase in steric
force not only increases the net repulsive force (R) but also promotes flattening of any
loop and tail segments of polymer molecules onto the clay surface. Consequently, PAM
may cover more surface area of clay particles and can decrease friction between particles
at a lower strain. In addition, the composite fabric consists of higher order FF meso-flocs
that may also break down at high confining stresses (200 kPa). The 15% increase in λ for
Kt-PAM compared to Kt also suggests that the composite is prone to more breakage of
aggregates at the higher confining stress. As a result, the deformation of Kt-PAM is
greater than that of Kt at 200 kPa (Figure. 4.3). Also, the similar maximum strength of
both Kt-PAM and Kt at 200 kPa suggests that at high strain, the shear behavior of KtPAM is dominated primarily by particle-to-particle friction under high confining stress.
Particle to particle friction increases as PAM desorbs from the contact region and
readsorbs on another available clay surface at high strains. Moreover, the developed PSR
of Kt-PAM is lowest at 200 kPa (Figure. 4.4). This result indicates that localized dilation
is minimized, likely due to the breakage of aggregates and a decrease of interparticle
friction.
Test results of the overconsolidated Kt-PAM specimens imply that the structure
formed during consolidation at high confining stress is rigid and irreversible, locking the
fabric in place. Any thixotropic structure rearrangement is minimized during the
overconsolidation stage (Heath and Tadros 1983).
4.7.2 Behavior of Kt-PAM with coiled conformation
The influence of polymer conformation on the consolidated undrained shear strength
of the composite at 100 kPa effective confining stress was investigated using two different
specimen preparation techniques to simulate both the short-term and long-term polymer
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response. The influence of coiled conformation (0.3 M NaCl; Figure. 4.1) on the
composite behavior is discussed below.
4.7.2.1 Short-term simulations (Case 2).
Kt-PAM specimens were leached with the given test fluids to induce a conformational
change of the PAM molecules. When exposed to the 0.3 M NaCl solution, PAM molecules
adsorbed onto the kaolin surface likely have coiled conformation (Figure. 4.1). Coiled
conformation results from the screening of the long-range electrostatic interactions
between neighboring charged sites on the molecule by salt ions (Ilavsky et al. 1984). This
phenomenon tends to decrease the pore size within the composite aggregates (micropores), while simultaneously increasing the pore sizes outside of the aggregate (macropores) assuming no change in global void ratio (depicted schematically in Figure. 4.17).
The coiled conformation of PAM increases the net interparticle attractive force (A-R)
through intersegment attraction, but the number of the macro-pores increases due to
closer packing of the particles/aggregates. Thus, during shearing the Kt-PAM specimen
leached with 0.3 M NaCl becomes more compressible at lower strains (Figs. 9-b, 10-b
and 13-b). This leads to higher excess pore water pressure at lower strains compared to
Kt-PAM with 0 M NaCl (Figure. 4.7-b). At higher strains (ε ≥ 4%), Kt-PAM dilates along a
major slip plane as the macro-pores diminish and the compact aggregates move closer
together into a densely-packed configuration during shearing. This dense packing of
aggregates increases the total number of mesoscale contacts. Moreover, coiled PAM
molecules behave like a closely packed solid-like material, which increases interfacial
friction (Yoshizawa et al. 1993). Hence, the interlocked aggregates resist particle motion
and volumetric expansion results in a decrease in pore water pressure (Fig 7-b). The
deviator stress then increases at high strain with respect to Kt-PAM with 0 M NaCl (Figs.
9-b and 10-b). The phase transformation observed for Kt-PAM may be due to the likely
coiled conformation response of the polymer molecules within the composite when
exposed to the 0.3 M NaCl solution (Figure. 4.13-b).
On the other hand, the Kt specimens representing short-term effects with variation in
ionic concentration (Figure. 4.13-b) have nearly identical effective stress paths due to the
initial similarities in fabric and the relative insignificance of physicochemical effects at the
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salt concentrations tested. In comparison, Kt-PAM specimens exhibit dilation when
leached with 0.3 M NaCl, which is consistent with the “tunability” of the composite (Figure.
4.10-b).
4.7.2.2 Long-term simulations (Case 3).
The specimens used to simulate long-term conditions were prepared by directly
mixing the dry solids with each of the test pore fluids. Thus, both pH and ionic
concentration will influence the initial fabric formation of both the clay and composite. The
composite fabric is dominated by higher order FF aggregation at 0 M and 0.3 M salt
concentrations (Halder et al. (2017b)). When the polymer molecules are coiled, the
interparticle attraction forces increase. So, directly mixing Kt-PAM with a 0.3 M NaCl
solution results in a much denser FF fabric compared to Kt. These aggregates then form
higher order flocs. In addition, a voluminous edge-to-edge (EE) fabric was also observed
for Kt-PAM with 0.3 M NaCl (based on previous sedimentation and SEM studies; Halder
et al. (2017b)). As a result, Kt-PAM under high salt concentration conditions may have
large inter-aggregate voids, even though the global void ratios of Kt-PAM at both low and
high salt concentrations were found to be the same (Table 4.3). Both the EE fabric and
inter-aggregate voids result in a slightly more voluminous local fabric than that of Kt-PAM
with 0 M NaCl under the same confining stress. At high ionic concentration, the PAM
molecules may attract each other through intersegment attraction induced by van der
Waals forces (Israelachvili 2011). In an idealized system, 94% of PAM adsorption occurs
on the edge surfaces of kaolinite particles via hydrogen bonding (Lee et al. 1991; Nabzar
et al. 1984; Nabzar et al. 1988). EE fabric formation during slurry consolidation then
becomes more favorable at a high ionic concentration in the presence of PAM. Moreover,
coiled conformation (increased intersegment attraction) would yield an increase in the net
interparticle attractive force. So, the higher order flocs in the Kt-PAM-0.3 M NaCl
specimens are more strongly bonded than the flocs in the Kt-PAM-DW specimens. At low
strains, the inter-aggregate voids and voluminous EE fabric initially break, which results
in an increase in the compressibility of Kt-PAM with 0.3M NaCl during shearing. For this
reason, a slightly higher pore water pressure (i.e. lower strength) developed at low strain.
At high strain (𝜀 > 4.5%), the aggregates of Kt-PAM with 0.3 M NaCl tend to rearrange
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and become more closely packed. Both close packing and the increase in interparticle
attractive forces cause apparent overconsolidation of Kt-PAM-0.3 M NaCl. At much larger
strains (𝜀 > 11%), particles/aggregates resist displacement. Consequently, volume
expansion occurs resulting in an increase in effective stress (i.e. the pore water pressure
decreases; Figs. 8-b, 11-b and 14-b).
Kt has a higher shear strength (i.e. lower pore water pressure) with 0.3 M NaCl than
Kt with 0 M NaCl (DW) (Figure. 4.8 and Figure. 4.11). This difference in strength can be
attributed mainly to fabric effects. When the 0.3 M NaCl solution is directly mixed with the
clay material, the resulting fabric tends to be mostly FF aggregates that form mesoscale
edge-to-face (EF) flocs (based on SEM results, Halder et al (2017b), Palomino and
Santamarina (2005)), which promotes greater shear resistance (Mitchell and Soga 2005).
Moreover, the net interparticle attractive force increases due to the decrease in the double
layer repulsive force. Hence, at low strain these interparticle bonds and increased number
of interparticle contacts lead to a higher shear strength of Kt-0.3 M NaCl compared to Kt
mixed with 0 M NaCl (Figs 11-b, 12-b and 14-b). However, Kt-0.3 M NaCl did not tend to
dilate as the Kt-PAM-0.3 M NaCl specimen. A denser particle arrangement (i.e. decrease
in particle spacing) and an increase in the net interparticle attractive force due to the
anticipated coiled conformation of polymer molecules make the composite tunable at high
ionic concentration.
4.7.3 Behavior of Kt-PAM with extended conformation
As depicted in Figure.4.1, PAM molecules are predicted to have extended
conformation in pH 3, pH 11.5 and 0.001 M NaCl on a clay surface. The response of the
composite under these test fluid conditions will be discussed in the following sections.
4.7.3.1 Short-term simulations (Case 2).
When PAM molecules are likely to have extended conformation, the shear strength
(or peak friction angle) of the composite is less than that of Kt-PAM with coiled or partially
extended conformation (Table 4.2). Extended conformation of PAM occurs due to the
repulsion among the like-charged groups among the monomer units. Highly charged
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chains of PAM may strongly repulse other PAM molecules and nearby particles with the
same charge to form open, fragile flocs. As a result, PAM has the ability to increase the
interparticle/aggregate spacing when extended. This may increase intra-aggregate voids
assuming no change in the global void ratio as illustrated in Figure. 4.18. In addition, PAM
molecules with extended conformation tend to be loosely packed as the monomers bind
to water molecules. Hence, both the PAM molecules and Kt particles become more
mobile under stress. Thus, PAM has a liquid-like behavior at extended conformation
(Yoshizawa et al. 1993). These adsorbed water molecules may act as a lubricant and
decrease the frictional resistance between particles/aggregates.
All Kt-PAM specimens tested here have a similar initial void ratio (Table 4.2). Yet, the
normalized pore water pressures and deviator stresses generated during shearing when
PAM has an anticipated extended conformation are lower than those of Kt-PAM when the
polymer molecules are anticipated to be partially extended (Figs. 7 and 9). Large intraparticle/aggregate voids become more compressible during shearing. Since extended
conformation of PAM reduces frictional resistance between particles, both pwp and
deviator stress of Kt-PAM decrease at extended conformation. A decline in frictional
resistance decreases the localized dilation of the composite when PAM is predicted to
have extended conformation (Figure. 4.10). Figure.4.13 also illustrates that when the
PAM molecules are expected to have extended conformation, Kt-PAM has a greater
contractive response with lower deviator stress than Kt-PAM-DW. One notable.
observation is that the critical stress ratio is approximately the same for all Kt-PAM
specimens when the polymer molecules are expected to have extended conformation.
This may indicate that the behavior of the composite is independent of any charges
developed on the clay particle when leached with pH 3, pH 11.5, or 0.001 M NaCl
solutions. The behavior is then controlled mainly by the conformation of the PAM
molecules.
The Kt specimens have identical effective stress paths and did not show any influence
due to change in pH. However, Kt specimens do have lower pore water pressures and
effective stress ratios under pH 3 and pH 11.5 (Figure. 4.7-a and 4.10-a). The pwp and
effective stress ratio decrease due to a reduction in interparticle friction. Both high and
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low pH can induce easier particle rearrangement due to degradation of Kt particle edges
and reduction in particle-to-particle friction (Wahid et al. 2010; Wahid et al. 2010). When
PAM is adsorbed onto the particle surface, the polymer reduces degradation of the
mineral phase (Kim and Palomino 2011; Welch and Vandevivere 1994). As discussed
previously, extended conformation of PAM results in a decrease in the composite shear
strength. The composite is more responsive to the surrounding fluid chemistry than pure
clay, and the stress-strain behavior is controlled mainly by the extended conformation.
This further demonstrates the “tunable” characteristic of the composite.
4.7.3.2 Long-term simulations (Case 3).
The shear strength of the long-term specimens with pH 3, pH 11.5 and 0.001 M NaCl
solutions are influenced by both initial fabric formation and the polymer conformation.
Halder et al. (2017b) observed through sedimentation and SEM analysis that the
composite particles form larger higher order FF open aggregates at pH 3, pH 11.5 and
0.001 M NaCl (anticipated extended conformation) compared to Kt-PAM particles at pH
6 or 0 M NaCl (anticipated partially extended conformation). During the slurry preparation,
PAM molecules in extended conformation may form more hydrogen bonds with Kt
particles to form large flocs. These flocs are loose due to the strong charge repulsion
between molecule segments. However, the adsorbed PAM molecules may disturb the
water molecule arrangement near the clay particle surfaces. This promotes favorable
orientation of the polymer molecules, which minimizes the interaction between them
allowing for close contact and strong bonds between PAM molecules and clay particles
(Pusch 1973). Moreover, fabric structure of the composite may vary depending on the pH
of the surrounding solution, ionic concentration of the solution, and charges present on
both the clay mineral and polymer molecules. For example, dissolution of kaolin at high
pH (pH 11.5) increases the near-surface ionic concentration. This increase in ionic
concentration may cause PAM molecules to coil, leading to the formation of EE
voluminous flocs (observed in SEM, Halder et al. (2017b)). Hence, the shear strength (i.e.
effective stress path/pore water pressure) of the composite specimens simulating longterm conditions with extended conformation depend on both the initial fabric formation
and soil structure. The composite at extended conformation may have a similar or lower
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void ratio with respect to the composite at partially extended conformation of PAM (Table
4.3). At low strain, the loose aggregated flocs of Kt-PAM at extended conformation break
into smaller aggregates, and yield lower stresses (higher pwp) than Kt-PAM at partially
extended conformation (Figs. 8 and 11). Due to initial breakage of loose aggregates
particles/aggregates rearrange themselves in a closely packed configuration. At high
strain (𝜀 >10%), interlocking between closely packed aggregates/particles requires
appreciable movement. Consequently, volumetric expansion results in an increase in
effective stress (decrease in pwp; Figs. 8 and 14). The lubrication effect induced by the
extended conformation of PAM was evident in the decrease in principal effective stress
ratio (peak friction angle) with respect to Kt-PAM at partially extended conformation
(Figure. 4.12 and Table 4.3).
The effective stress path of the Kt specimens was influenced mainly by fabric and soil
structure. Kt responds in a contractive manner when sheared regardless of the test fluid,
while the composite exhibited a phase transformation response at pH 3, pH 11.5, and
0.001 M NaCl (Figure. 4.14). Both Kt and Kt-PAM specimens had similar void ratios for
the corresponding test solutions. But as discussed previously, extended conformation of
PAM increases both the number of particles in contact and the interparticle bonding. This
results in an apparent overconsolidation of the composite compared to pure Kt
(Anandarajah and Zhao 2000). Accordingly, dilation following a contractive tendency is a
tell-tale response of the “tunable” clay-polymer composite.

4.8 Conclusions

The purpose of this study is to investigate the impact of a responsive polymer
conformation on stress-strain behavior of a “tunable” clay-polymer composite, Kt-PAM.
The composite was synthesized using kaolin and polyacrylamide (PAM). Shear response
was studied through a series of consolidated undrained triaxial tests using two different
specimen preparation methods with test solutions prepared at various pH and ionic
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concentrations: pH 3, pH 6/ 0 M NaCl, pH 11.5, 0.001 M NaCl and 0.3 M NaCl. These
test solutions were selected to maximize the conformational response of PAM molecules
– partially extended, extended, and coiled.
The influence of confining stress on the shear response of Kt-PAM was investigated
for the case when the polymer molecules were predicted to have partially extended
conformation. At 100 kPa, the composite has a much higher shear strength than pure
kaolin (approximately double the strength). Kt-PAM was observed to have peak strength
behavior. The peak is likely due to localized dilation caused by the resistance of higher
order flocs (face-to-face aggregates that then form higher order face-to-face flocs) as well
as an increase in interparticle bonding in the presence of PAM. But, at higher confining
stresses, the flocs break down, and the PAM molecules adopt a flattened conformation
along the mineral surface. These two occurrences reduce the interparticle friction and
result in post-peak behavior. During shearing at high strain, the shear stress of Kt-PAM
was influenced mainly by particle-particle friction. Also, the normally consolidated line or
critical state line of the composite has a steeper slope than that of pure clay. This is
indicative of the breakage of large Kt-PAM aggregates at high confining stress. The
overconsolidated

composite

specimens

did

not

show

any

thixotropic

fabric

rearrangement. For this reason, the deviator stress developed during shearing is similar
to the normally consolidated specimens.
When the polymer molecules were expected to have coiled conformation, apparent
overconsolidation was observed. This is likely due to the increase in the strength of
interparticle bonds and increase in the number of particles in contact by decreasing the
spacing between particles/aggregates. This also results in the creation of macro-pores
between aggregates. During shearing, the specimens are initially compressible but yield
a denser fabric arrangement as shearing continues. This leads to a phase transformation
of the composite at high strains. Such behavior was not observed from the response of
the pure kaolin under any of the test fluid conditions used here.
At expected extended conformation of polymer molecules, the interparticle/aggregate
spacing increases within the clay-polymer composite. Furthermore, a decrease in
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frictional resistance between particles was also observed, likely due to the lubricating
effect of the polymer molecules. Thus, at anticipated expected conformation the
composite has a tendency to contract during shearing with a corresponding decrease in
effective stress compared to the composite when the PAM molecules are predicted to be
partially extended at the same strain level. The behavior of Kt was observed to be
contractive for all triaxial cases tested here (consolidated undrained) at 100 kPa. This
behavior was controlled mainly by the fabric formation and particle arrangement under
the different pH and ionic concentration conditions studied here. However, the apparent
overconsolidation of the composite when the PAM molecules are expected to have
extended conformation causes a dilative response compared to the pure kaolin, even
though both the pure clay and composite have similar void ratios. The tendency for the
clay-polymer composite to respond to changes in pH or ionic concentration demonstrates
the “tunability” of the composite.
The shear strength behavior of a responsive clay-polymer composite can be controlled
and modified by manipulating the conformational characteristics of the polymer molecule.
Various test conditions (i.e. confining stress, pH and ionic concentration of pore fluid)
were utilized to influence the conformation of a responsive polymer. The composite was
found to have different effective stress paths depending on the chemistry of the test fluid.
The “tunability” of the composite is a unique property, making the composite more
responsive to surrounding environmental conditions than pure clay.

4.9 Notation

The following symbols were used in this article:
e= void ratio;

𝑝′ = mean effective stress;

OCR= overconsolidaton ratio;

q=deviatoric stress;
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𝜎1 ′=major principal stress;

′
𝜙𝑐𝑠
=critical state friction angle;

𝜎3 ′= minor principal stress;

𝜙𝑝′ =peak friction angle.

∆u= change in pore water pressure;

λ = slope of nomal consolidation line

M= critical state slope;

κ=slope of unloading /reloading line
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Appendix
Figures
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Figure 4.1 Conformation of PAM molecules in bulk solution and on kaolin
surface with (a) pH and (b) ionic concentration (after Halder et al. (2017b))
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Figure 4.2 Specimen preparation for (a) long-term and (b)
short-term simulation
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Figure 4.3 Effective stress paths of normally consolidated Kt and Kt-PAM
specimens saturated with distilled water (0 M NaCl/pH 6). Kt and Kt-PAM were
represented in solid and hollow circle, respectively.
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Figure 4.4 Principal Stress Ratio (σ1'/σ3') with axial strain of normally
consolidated Kt and Kt-PAM specimens saturated with distilled water (0 M
NaCl/pH 6). Pp′ indicates isotropic consolidation pressure and Pi′ indicates
consolidation pressure during shearing.
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Figure 4.5 Effective stress paths of Kt and Kt-PAM saturated with distilled
water (0 M NaCl/pH 6) at OCR = 1, 2, and 4.
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Figure 4.6 Critical State Line (CSL) and Normal Consolidation Line (NCL) for Kt
and Kt-PAM specimens tested under distilled water (0 M NaCl/pH 6) conditions.
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Figure 4.7 Influence of pore fluid chemistry on normalized pore water pressure
(∆u/σc') of the short-term specimens: (a) pH and (b) NaCl concentration in M.
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Figure 4.8 Influence of pore fluid chemistry on normalized pore water pressure
(∆u/σc') of the long-term specimens: (a) pH and (b) NaCl concentration in M.

137

1

Kt-PAM (pH 6)
Kt-PAM (pH 11.5)
Kt (pH 3)

0.9
0.8

Kt-PAM (pH 3)
Kt (pH 6)
Kt (pH 11.5)

0.7

q/σc'

0.6
0.5
0.4
0.3
0.2
0.1
0
0

5

10

15
20
Axial Strain (%)

25

30

(a)
1

Kt-PAM (0 M)
Kt-PAM (0.001M)
Kt (0.3 M)

0.9
0.8

Kt-PAM (0.3M)
Kt (0 M)

0.7

q/σc'

0.6
0.5
0.4
0.3
0.2
0.1
0
0

5

10

15
20
Axial Strain (%)

25

30

Figure 4.9 Influence of pore fluid chemistry on normalized deviator stress
(q/σc') of the short-term specimens: (a) pH and (b) NaCl concentration in M.
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Figure 4.10 Influence of pore fluid chemistry on the principal stress ratio
(σ1'/σ3') of the short-term specimens: (a) pH and (b) NaCl concentration in M.
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Figure 4.11 Influence of pore fluid chemistry on normalized deviator stress
(q/σc') of the long-term specimens: (a) pH and (b) NaCl concentration in M.
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Figure 4.12 Influence of pore fluid chemistry on principal stress ratio (σ1'/σ3') of
the long-term specimens: (a) pH and (b) NaCl concentration in M.
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Figure 4.13 . Influence of pore fluid chemistry on effective stress path of the
short-term specimens: (a) pH and (b) NaCl concentration in M.
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Figure 4.14 Influence of pore fluid chemistry on effective stress path of the
long-term specimens: (a) pH and (b) NaCl concentration in M.
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Figure 4.15 Failure modes of sheared specimens: (a) plastic failure of Kt-PAM
and (b) brittle failure of Kt (loose condition) (initial diameter = 35.6 mm, height =
71 mm).
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Applied Pressure

Figure 4.16 PAM molecule conformation on clay surface at low and high
confining stress (after Arteca et al. 2001)
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Partially Extended Conformation

Coiled Conformation

Macro-pores

0.3 M NaCl

Micro-pores

Particles/
aggregate
s
PAM molecule

pH 6 / 0 M NaCl

Figure 4.17 Transition from partially extended to coiled conformation of PAM
molecules and resulting fabric of clay-polymer composite due to exposure to a
0.3 M NaCl solution.
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Extended Conformation

Partially Extended Conformation

Leaching with
pH 3, pH 11.5 or
0.001 M NaCl

pH 6/ 0M NaCl

Particles/
aggregate
s
PAM molecule

Figure 4.18 Transition from partially extended to extended conformation of
PAM molecules and resulting fabric of clay-polymer composite due to leaching
with pH 3, pH 11.5 or 0.001 M NaCl solution.
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Tables
Table 4.1 Selected Studies on Shear Strength of Organic- and Polymer-Enhanced Clay Materials
Organic Material/Polymer
Guargum
(electrostatically neutral
exopolymer)
Quaternary ammonium
cations
Quaternary ammonium
cations
Nonionic polysaccharide
Scleroglucan (produced by a
Sclerotium fungi)
Bisphenol-A resin and
polyoxyalkylamine blend
Poly vinyl alcohol;
Starch graft polymer
Poly vinyl alcohol

Study Findings
• At low concentration, guargum forms hydrogen and ionic bonds ( net attractive
force and apparent structural viscosity); increases both critical state and undrained
shear strength more than 12.0% than pure kaolinite
• A biopolymer mass ratio > 0.010 reduces shear strength; guargum prevents direct
particle to particle contact (shear resistance ; coefficient of friction between kaolinite
and exopolymer is small).
•  LL of montmorillonite.
•  direct shear friction angle by more than 4 times of unmodified soil.
• Organically modified clay has a greater critical state friction angle.
• Improves the tensile strength and modulus of rupture of fine-grained soil.
• Vane shear test shows that polymer-infused plant roots enhance shear strength by
60%.
• Soil shear strength  by 1.5-5.5 times compared to untreated soil.
• At an optimum content, soil indirect tensile strength  up to 3 times greater than
untreated soil.
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Author (s)

Nugent
(2011)

Soule and
Burns (2001)
Bate et al.
(2013)
Chenu and
Guerif
(1991)
Sauceda et
al. (2013)
Barry et al.
(1991)
Williams et
al. (1967)

Table 4.2 Summary of Results from CU Triaxial Tests on Short-Term Specimens
Sample

Kt

KtPAM

Pore
Fluid

σc '
(kPa)

Void
ratio, e

(q/
σc')max

(∆u/
σc')max

(σ1'/σ3')max

φp'

0.3 M
pH 6.0
or 0 M
pH 3.0
pH 11.5
0.3 M
0.001 M
pH 6.0
or 0 M
pH 3.0
pH 11.5

100

0.99

0.28

0.78

2.51

25

ε (%)
at (q/
σc')max
3.61

100

0.99

0.30

0.78

2.62

27

100
100
100
100

0.98
0.98
1.00
1.00

0.32
0.29
0.75*
0.51

0.72
0.81
0.53
0.52

2.46
2.41
5.35
3.22

100

1.01

0.73

0.53

100
100

1.00
1.01

0.60
0.58

0.60
0.58

Note that DW  pH 6  0 M NaCl
*(q/σc')max is based on the valued observed when the test was terminated.
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ε (%) at
ε (%) at
(∆u/σc')max (σ1'/σ3')max
16.03

6.79

2.69

15.05

11.11

25
24
43
32

4.43
2.63
17.62
15.17

15.64
14.92
8.88
14.42

10.33
7.79
11.98
12.32

5.04

42

11.77

11.50

11.77

4.58
4.48

40
39

10.03
15.02

19.27
13.97

12.96
15.02

Table 4.3 Summary of Results from CU Triaxial Tests on Long-Term Specimens

Sample

Kt

σc' (kPa)

Void
ratio, e

(q/
σc')max

(∆u/
σc')max

(σ1'/σ3')max

φp'

0.3 M
0.001 M

100

1.01

0.44

0.71

4.86

7.04

13.18

12.65

100

1.05

0.43

0.77

6.38

41
47

4.41

10.54

10.45

pH 6.0
or 0 M

100

1.00

0.34

0.80

3.96

37

5.45

10.78

10.55

100
100
100
100
100
100
100

1.00
1.05
0.93
0.92
1.02
1.03
1.02

0.29
0.30
0.38
0.34
0.64
0.62
0.58

0.76
0.79
0.75
0.74
0.65
0.64
0.67

3.19
3.16
2.95
3.18
6.50
6.66
6.54

32
31
30
31
47
48
47

4.06
3.46
5.80
3.42
15.12
13.39
11.71

11.06
10.35
20.04
14.98
10.73
9.96
11.02

10.87
9.09
9.10
8.38
13.72
13.51
13.73

100

1.02

0.63

0.64

6.94

48

12.67

12.01

12.01

100
100

1.05
0.94

0.55
0.68

0.66
0.57

5.07
4.52

42
40

14.99
17.33

11.84
8.88

14.03
13.30

pH 3.0
pH 11.5
0.3 M
KtPAM

ε (%)
at (q/
σc')max

Pore
Fluid

0.001 M
pH 6.0
or 0 M
pH 3.0
pH 11.5

Note that DW  pH 6  0 M NaCl
*(q/σc')max is based on the valued observed when the test was terminated.
*DW≈pH 6≈0 M NaCl
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ε (%) at
ε (%) at
(∆u/σc')max (σ1'/σ3')max

CHAPTER FIVE
CONFORMATIONAL EFFECT OF RESPONSIVE POLYMER ON
MECHANICAL BEHAVIOR OF TUNABLE ENGINEERED
MONTMORILLONITE CLAY
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5.1 Abstract

The purpose of this experimental study is to investigate the impact of a responsive
polymer on the mechanical behavior of a nanocomposite. The composite was
synthesized from a nonionic form of the polymer polyacrylamide (PAM) and an expansive
clay, montmorillonite (Mt). Due to the polymer molecule intercalation into the Mt interlayer
space, both the interparticle and interlayer spacing can be manipulated via polymer
conformational (shape and size) response. To control polymer molecule conformation,
the composites were exposed to selected pH and ionic concentration conditions. At
extended conformation, the liquid limit of composite increased relative to the partially
extended case and decreased when the polymer exhibited coiled conformation. The
internal frictional angle remains the same or increases slightly at extended conformation
of PAM compared to the partially extended conformation case. Shear strength is
controlled by apparent overconsolidation due to an increase in the number of polymermineral mechanical bonds. However, the decrease in interparticle/aggregate and
interlayer spacing with an increase in net attractive force at coiled conformation increases
the internal friction angle by 6° compared to the partially extended conformation condition.
Free swelling tests indicate that the swelling of the composite was limited likely due to
aggregation of particles and restriction of osmotic swelling. The composite swelling
volume either remained the same or increased at extended conformation and decreased
at coiled conformation. Hydraulic conductivity test results show that both the polymer
conformation and confining stress influence composite behavior. The hydraulic
conductivity of the nano-composite increases significantly at coiled conformation, but did
not change significantly at extended conformation of PAM.
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5.2 Introduction

Montmorillonite (Mt) clay is an important material for geoenvironmental applications
such as barriers, e.g. landfill, nuclear waste repositories, etc. Mt has a high potential for
significant swelling or shrinking under changing moisture conditions (Mitchell and Soga
2005; van Olphen 1964). The high swelling capacity of Mt impedes the flow of water
through the liner system and ensures low hydraulic conductivity (Marshall and Holmes
1979). The high specific surface area and cation exchange capacity of Mt favors
contaminant absorption on the surface of Mt, which reduces pollutant advection in landfill
liners and slurry walls. However, the hydraulic conductivity significantly increases when
exposed to high concentrations of inorganic solutions (i.e. leached chemicals) due to
changes in pore fluid chemistry and resulting clay fabric (Murray 1999; Welch and
Vandevivere 1994). Moreover, the low shear strength of hydrated montmorillonite clay
may not be sufficiently high enough to transmit shear stressed during slope failure and
become a major concern for the stability of the liner system (Mesri and Olson 1970).
Different studies have shown that the mechanical behavior of the clay treated with
polymer/organic molecules varies from untreated clay. This type of engineered modified
clay has enhanced chemical resistance and sorptive properties (i.e. cation/anion
exchange capacity) (Ashmawy et al. 2002; Bishop et al. 2014; Bottero et al. 1988; Jo et
al. 2001; Stuart et al. 2010; Williams 2013; Xu and Boyd 1995), limited swelling potential
(Ashmawy et al. 2002; Breen 1999), decreased crack density due to desiccation induced
stress (Daniels and Inyang 2004; Inyang and Bae 2005), increased interlayer spacing
and maintained permeability with no significant change (Shan and Lai 2002), decreased
or improved permeability for brine and water-immiscible hydrocarbons (Bohnhoff and
Shackelford 2014; Di Emidio et al. 2011; Smith et al. 1995), improved engineering
properties such as shear strength (Bate et al. 2013; Soule and Burns 2001), moisture153

induced swelling behavior (Breen 1999), and increased adsorption capacity for metal
cations and organic carbon (Inyang et al. 2007; Marshall and Holmes 1979). “Tunable”
clay-polymer nanocomposites (i.e., engineered montmorillonite clay) also has the
potential for innovative applications in geotechnical and geoenvironmental engineering,
such as for “smart” landfill liner materials, deep geological repositories, and slurry walls,
as well as in other disciplines such as materials and polymer sciences.
“Tunable” clay-polymer nanocomposites are innovative smart materials that can be
mechanically adaptive. The tunability of the nanocomposite is due to the stimuliresponsive polymer that provides a specific function and structure, and which changes
based on the external environment: pore fluid pH and ionic concentration, load,
temperature, magnetic field, electric field, and light exposure. (Young et al. 2009).
In this study, the “tunable” nanocomposite is composed of montmorillonite (Mt) clay
and a nonionic responsive (functional) polymer called polyacrylamide (PAM). Among
many inorganic layered materials, montmorillonite clay has received particular attention
due its excellent intercalation abilities. In this study, the intercalation potential is utilized
along with the high swelling capacity of Mt to promote access of polyacrylamide (PAM)
molecules to both the interlayer and the outer surfaces of the clay particles. In isolation,
the conformation (molecular size/shape) of PAM molecules is a function of pH and ionic
concentration of the surrounding fluid. So, changing the external environment results in
altering interparticle and/or interlayer spacings in addition to changes in net interparticle
forces within the composite. Thus, the “tunability” of the montmorillonite-polyacrylamide
composite (Mt-PAM) primarily depends on the combined response of PAM molecules and
clay particles to external environmental conditions, namely pore fluid pH and ionic
concentration. This results in a material whose properties can be manipulated using
external triggers since the mesoscale behavior of the composite is a function of the
particle-level fabric.
In previous research studies, swelling behavior under very low stress and hydraulic
conductivity measurements demonstrate that the clay-polymer nanocomposite expands
and contracts analogously to the extended and coiled conformation of the polymer
molecule in isolation. Molecular simulation studies were conducted to further understand
the interaction between the polymer molecule and the clay mineral surface (Kim et al.
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2012; Kim and Palomino 2011; Kim et al. 2012). Moreover, the “tunable” clay-polymer
nanocomposite was found to be more compressible at both the extended and coiled
conformation of PAM molecule (Bishop 2013, Halder et al. 2017). However, the
mesoscale mechanical response of the nanocomposite (i.e. strength, swelling, hydraulic
conductivity) with changes in polymer molecule conformation and various loading
conditions has not yet been investigated.
The objective of this study is to investigate the changes in the nanocomposite shear
strength, swelling behavior, and hydraulic conductivity with varying pH and ionic
concentration of the surrounding fluid. The following experiments were conducted on both
polymer-treated and untreated clay: 1) Atterberg limits, 2) drained shear strength, 3) free
swelling behavior, 4) swelling of hydrated composite under different fluids, and 5)
hydraulic conductivity with cycling permeating fluids. The nanocomposite was also
characterized using Fourier Transform Infrared Spectroscopy. The polymer molecule
conformation was controlled by using selected pH and ionic concentrations known to
induce a specific conformational response (Besra 2004, Klenina & Lebedeva 1983,
Maltesh et al. 1991, Wu et al. 2007, Kim et al. 2012).

5.3 Materials

Montmorillonite (Mt), a phyllosilicate clay, was obtained from the American colloid
company (trade name Volclay SPV 200; Hoffman Estates, Illinois, USA) and is shown in
Figure 5.1a. The chemical formula of Mt is (Na,Ca)0.33 (Al1.67 Mg0.33 )SiO10 (OH)2 nH2 O,
and the elemental composition of Mt was reported in Kim and Palomino (2011). The
specific gravity was determined to be 2.44 (±0.01) following ASTM D854, the specific
surface area is 634 (±15) m2/g (European Standard Spot Test; Santamarina et al. 2002),
and the cationic exchange capacity is 80.8 meq/100g (Kim and Palomino 2011).
A nonionic, low molecular weight (~8104 g/mol) version of polyacrylamide (PAM;
trade name N300LMW; Cytec Industries Inc.; West Paterson, New Jersey, USA) was
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used in this study as the responsive polymer. PAM (-CH2CHCONH2-) is responsive to pH
and ionic concentration of the surrounding fluid that influence conformation – shape and
size – of the polymer. The charge fraction developed on the carbonyl (C=O) and amine
(NH2) functional groups control the conformational characteristics of PAM.
Solutions prepared at pH 3, pH 6/0 M NaCl, pH 11.5, 0.3 M NaCl were used for this
study. Distilled water (DW) was used for both the pH 6 and 0 M NaCl cases. HCl or NaOH
was added to DW to lower the pH or raise the pH, respectively. The 0.3 M NaCl solution
was prepared by adding laboratory grade NaCl (McMaster-Carr) to DW. The conformation
of PAM was manipulated on clay surface using 0.3 M NaCl, pH 6/0 M NaCl, and pH 3/pH
11.5 solutions, which were selected to promote coiled, partially extended conformation
and extended conformation, respectively.

5.4 Nano-Composite Synthesis

The montmorillonite-polyacrylamide nanocomposite (Mt-PAM) was synthesized using
a solution intercalation technique developed by Kim and Palomino (2011). The Mt-PAM
was synthesized at a clay to polymer volume ratio of 8 in slurry form (3.73% of dry clay
by weight) at room temperature. Initially, 1.4g of granular PAM was mixed with 200 ml of
distilled water (~pH 6) until full dissolution was reached. Then, the Mt clay slurry was
prepared by mixing 37.5 g of dry clay with 750 ml of distilled water and left to hydrate
~24h. Both the hydrated clay and PAM slurries were mixed together. Distilled water was
added to reach a total volume of 1000 ml. Mixing was continued for at least 8 hours to
synthesize the nanocomposite. For the experiments, the final composite was either left in
slurry form or oven-dried. The oven-dried material was then ground using a soil grinder
(Labmill 8000 jar mill) and stored in an airtight container. The ground composite was
sieved, and only the material < 75 µm (#200 sieve) was used in this study. Images
obtained using scanning electron microscopy of Mt-PAM show the presence of PAM on
the surface of the Mt clay (Figure 5.1b). The specific gravity and specific surface area of
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Mt-PAM are 2.45 (±0.05) and 658 (±21) m2/g, respectively. Kim and Palomino (2011) and
Deng et al. (2006) showed that the PAM intercalated into the Mt interlayer spaces and
increased the basal spacing from 1.23 nm to 1.45 nm. This indicates that only one layer
of PAM molecules enters in the interlayer space. The amount of PAM adsorption on the
Mt-PAM was found to be 3.76% (±.05%) by weight, or ~37 mg per g of clay based on total
carbon content determination (SHIMADZU SSM-5000A Solid Sample Combustion Unit).
The maximum potential adsorption of nonionic PAM on sodium Mt clay is 200 mg/g
(Bottero et al. 1988). Assuming similar adsorption capacity of the clay used in this study,
the surface coverage of PAM molecules was less than 100%.

5.5 Experimental Methods

5.5.1 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR analysis was performed to understand the interaction between PAM and Mt.
Thin films of polymer, clay and clay-polymer composite were prepared as suggested by
Tahoun and Mortland (1966) for FTIR analysis. The thin films were made by mixing either
the granular PAM, dry Mt, or Mt-PAM in distilled water, pouring a small amount of the
slurry into an aluminum dish, and air-dried for ~3 days. The films were made to be
thin/transparent enough to be analyzed by FTIR. Each film was analyzed directly from
wave numbers 4000-1000 cm-1 at a resolution of 2 cm-1 using a Nicolet 6700
spectrometer. For each spectrum, a total of 64 scan was collected and averaged.
5.5.2 Atterberg Limits
Liquid limits (LL) were determined using the fall cone penetrometer method (BSI
1990). About 100 g of clay (passed through a 75 μm mesh sieve) was mixed thoroughly
with each of the selected test fluids: pH 3, distilled water (representing both pH 6 and 0
M NaCl), pH 11.5, and 0.3 M NaCl. Once a stiff paste constancy was achieved, the
mixtures were placed in air-tight containers and allowed to hydrate for at least 12 hours.
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The measurements were performed by adding the selected test fluid to the paste to
increase the moisture content. The LL, defined as the moisture content (%) when the
cone reaches a 20-mm penetration depth, was determined for each mixture based on
four moisture content points. The Plastic limit (PL) was determined following ASTM
D4318 -10.
5.5.3 Drained Shear Strength Tests – Direct Shear
The shear strength using direct shear testing was investigated as a function of the
conformation of the responsive polymer by exposing the nanocomposite to various pH
and salt concentration solutions. The angle of internal friction and peak strength of MtPAM and pure clay Mt were determined following ASTM D3080-11 using a GeoJac
system. The samples for drained direct shear strength testing were prepared by
consolidating the corresponding slurry. The Mt-PAM nanocomposite was consolidated by
carefully pouring the synthesized slurry into a Genpore porous plastic tube. The tube is
perforated throughout with 5-µm holes, and the tube itself is made from a hydrophilic
material that facilitates water migration away from the tube interior. The advantage of this
porous tube is that drainage takes place all along the tube and expedites consolidation.
The slurry was consolidated to either 50, 100, or 200 kPa. The slurry consolidation was
terminated at the end of primary consolidation (approximately 3 weeks) as verified by the
Taylor square-root method. The Mt slurry was prepared by mixing with DW at 3 times of
LL and the slurry was consolidated to only 200 kPa due to the low stiffness of the resulting
consolidation material. After consolidation, the specimens were carefully wrapped in
multiple layers of plastic wrap and stored in a controlled temperature and humidity
environment (temperature = 23°C, and RH = 95 %).
Prior to testing, the consolidated specimens were trimmed to fit into the direct shear
box. A cutting ring (63.5 mm diameter) was used to trim the specimens. The direct shear
tests were performed using normal loads of 50, 100 and 200 kPa. Each sample was
placed in the direct shear device and submerged in one of the selected test fluids (pH 3,
pH 6/0 M, pH 11.5, 0.3 M) and consolidated again. The primary and chemo-consolidation
of the sample under the selected normal load with the test fluids took ~1-2 weeks to
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complete (the Taylor square-root method was used to judge termination of consolidation).
The test fluid was replaced every 2 days to minimize evaporation and prevent an increase
in ionic concentration during the initial consolidation process.
Previous one-dimensional consolidation test performed on Mt sample with DW under
136 kPa found that 50% of the primary consolidation (t 50) took place after 1660 minutes
(Bishop et al. 2014). The calculated time required to fail at 10 mm displacement was ~60
days for the normally consolidated samples. However, a faster shear rate is often applied
due to project time and cost constraints (Gilbert et al. 1996). For this reason, a higher
strain rate of 0.0005 mm/min was adopted for the sample. Mt typically reaches peak
strength before 5 mm of displacement. For the Mt-PAM at pH 6/0 M case, the shear stress
increased with increasing strain. However, no peak was observed from the shear
response, even after the specimen displacement reached 10 mm. Hence, the failure peak
shear stress was selected to be 10% horizontal strain (6.35 mm displacement) for this
study. The amount of time for each test to reach the defined failure strain was in the range
of 3-4 weeks.
A consolidated drained triaxial test was conducted on a Mt sample to verify that no
excess porewater pressure would develop using the selected strain rate for the direct
shear tests. The triaxial consolidated drained test was conducted at 200 kPa confining
stress. The measured excess porewater pressure was 0.75 kPa and considered
negligible. During the shearing stage, DW (pH 6/0 M NaCl) was frequently added to the
direct shear box to avoid an increase in the ionic concentration of solution due to
evaporation of test solution. Digishear software (Ver 3.2.1) was used to control the
GeoJac device and acquire data.
5.5.4 Free Swell
The free swell of Mt and Mt-PAM was measured according to ASTM D5890. As per
the standard, 2g of pulverized oven-dried material (passing the #200 sieve) was added in
increments of 0.1 g to 100 ml of a given test solution in a graduated cylinder. The swell
index (ml/2g) was recorded after 24h.
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5.5.5 Free Swell Under Alternating Fluid Conditions
Free swell tests of the Mt and Mt-PAM were conducted to understand the volume
change behavior of hydrated samples when the surrounding fluid is exchanged. Dry Mt
and Mt-PAM samples were placed in small segments of Snakeskin dialysis tubing (3500
MWCO; 22-mm diameter, Thermo Fisher Scientific), which allows for fluids to migrate
across the tube wall. First, the tubing was cut into 12-cm long pieces. Both ends were
folded several times and securely fastened with a dialysis clip (Thermo Fisher Scientific).
Second, the empty dialysis tube packet was placed in distilled water to allow the tube
material to hydrate. Third, the dialysis tube was removed after ~12 hours, and one end
was opened to add ~0.5g Mt or Mt-PAM dry powder. Any excess air was removed by
slightly pressing the dialysis tube. Fourth, the open end was folded again and securely
closed using the clip. Both ends were inspected for leakage. Finally, the filled dialysis
tube packet was placed in a beaker containing 500 ml of the test fluid. The beaker was
placed on a benchtop shaker to shake at a constant speed of 150 rpm for the entire testing
period (~2 months) at room temperature (21.6°C). The test set-up is shown in Figure 5.2.
The mass of the packet was measured with time. Before measuring, the outer surface of
dialysis tube packet was gently wiped with a paper towel to remove excess fluid from the
outer surface. The test solution was replaced with fresh solution once per week. The
dialysis tube packet was first placed in distilled water (pH 6/0M NaCl) for one month and
then placed in a different pH or ionic concentration test solution for one month. Four
different case studies were performed: i) pH 6/0M; ii) pH 6 → pH 11.5, iii) pH 6 → pH 3;
iv) 0 M NaCl → 0.3 M NaCl.
5.5.6 Hydraulic Conductivity Under Permeating Cycling Fluid
Constant head (Method A) hydraulic conductivity tests were performed in a triaxial
flexible-wall permeameter. The specimens were trimmed to have diameter 63.5 mm and
height of 12.7 mm, conforming to ASTM D5084. The thin sample dimensions were
selected in combination with a large applied hydraulic gradient to minimize the testing
time. Note that the recommended minimum height is 25.4 mm according to standard. The
standard also recommends that the maximum hydraulic gradient that should be applied
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is 30 for material with hydraulic conductivity k<10-9 m/sec. However, hydraulic gradients
as high as 2800 are commonly applied, since the impact on effective stress due to
seepage-induced forces has an insignificant effect on the hydraulic conductivity of a thin
montmorillonite sample (Rad et al. 1994). A preliminary test on a Mt sample showed that
the hydraulic conductivity was independent of the hydraulic gradient (constant k for
applied gradients of 277, 500 and 800). Thus, a hydraulic gradient of 800 was used for
this study.
The specimens for the hydraulic conductivity tests were prepared from slurry
consolidation at 200 kPa (as described previously). Tests were performed on the freshly
consolidated slurry samples (trimmed using a cutting ring) only. The sample was then
placed in a triaxial permeability cell. The sample was then simultaneously exposed to
back pressure and saturated by de-aired distilled water (pH 6/0 M NaCl) and consolidated
to an effective consolidation pressure of 138 kPa for 48 hr (cell pressure 438 kPa,
inflow/outflow end pressure 300 kPa). The slightly over-consolidated case was chosen to
minimize any effect of seepage-induced consolidation due to the high hydraulic gradient
(Pane et al. 1983). After 48 hours, the B value was greater than 0.95. Then, the inflow
pressure was increased to 400 kPa to initially induce a pressure gradient of 800 (100 kPa
differential pressure) across the sample. Due to the length of time required for each test,
steps were taken to minimize the introduction of air bubbles into the sample. The
permeant solution was exchanged in the inflow and outflow stand tubes with de-aired test
solutions every 72 hours without changing the effective stress on the sample. The inflow
tube was connected to the bottom of the sample to eliminate further seepage-induced
consolidation (seepage force acts against the consolidation pressure). Note the initial void
ratio of Mt and Mt-PAM were not the same since the corresponding slurries were
consolidated to the same pressure. The resulting void ratios would then not be equal. But,
the purpose of this study is to observe behavioral trends and response to the different
test fluid chemistries.
The tests were terminated for each test solution when four or more consecutive
measurements were within ±25% and the ratio of volumetric inflow to outflow was
between 0.75 to 1.25 (i.e. steady state flow was reached). Three different cases were
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investigated for both Mt and Mt-PAM (six total). These test cases are developed
considering conformational changes of polymer molecules from: i) pH 6 → pH 3→ pH 6,
ii) pH 6 → pH 11.5→ pH 6; iii) 0 M NaCl → 0.3 M NaCl→ 0 M NaCl. Each case took more
than one month to complete. The inflow reading, outflow reading, vertical deformation,
change in volume, cell pressure, and porewater pressure were measured during every
test. The number of pore volumes is defined as the cumulative quantity of flow divided by
the volume of voids in the sample. During the period of study the lab temperature was
maintained at 23°C.

5.6 Results and Discussions

5.6.1 Material Characterization
FTIR spectra of Mt, PAM, and Mt-PAM are presented in Figure 5.3. The corresponding
wavenumbers along with the assigned spectra for these materials are listed in Table 5.1.
These values are similar to those observed by Tahoun and Mortland (1966). As the NH 2
band was not observed in the air-dried Mt-PAM sample due to very strong and broad
water adsorption (Figure 5.3c), an air-dried Mt-PAM sample also oven dried at 60°C about
~24h for complete dehydration.
Adsorption of PAM onto Mt surfaces cause a shift in the wavelength of the PAM
functional group. FTIR results for the Mt-PAM oven-dried sample verifies the presence of
polymer on clay surface, also indicates NH2, C-N bond stretching and NH2 bending shifts
greater than +100 cm-1, +7 cm-1 and -18 cm-1, respectively.
These band shifts indicate that the N-H bond of the amide group increases in strength
due to bonding with the clay surface. Although, the C=O group should be the preferable
group to bond with the hydroxyl group of clay surface due to more electronegativity nature
of O-atom than N-atom. However, no shift of C=O stretching band indicates that C=O
functional group possibly not involved in hydrogen bonding or hydrogen bonding
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interaction was minimum. Near the clay surface, NH2 group may protonated by: i)
delocalization of the lone pair of electrons on the N atom of the amide group makes the
C=O group electron rich so that the amide group becomes protonated by the formation of
C=NH2+ species (Espinasse and Siffert 1979; Tahoun and Mortland 1966; Tahoun and
Mortland 1966), and ii) proton doation from water associated with exchangeble cation
located on the clay surface (Mortland 1970). PAM may form hydrogen bonds with the clay
surface (OH or O2-) as C=NH2+. So, NH2 and C-N stretching has a blue shift (increase in
wave number) and NH2 bending has a red shift (decrease in wave number). These results
insinuate protonation of amide in Mt-PAM sample.
5.6.2 Atterberg Limits
The fall cone penetration test results for Mt and Mt-PAM mixed with each of the test
fluids are shown in Figure 5.4. Liquid limits (LL), plastic limits (PL) and plasticity indices
(PI) of the same mixtures are listed in Table 5.2. Modification of the clay with PAM
significantly changes the material behavior, as evident from the increase in LL by more
than 100% compared to the pure clay mixed with a pH6/0 M solution (Figure 5.4). Mt did
not show any variation in LL at pH 3 and pH 11.5 compared to pH 6 case, yet Mt-PAM
showed an increase in LL of ~70% at pH 3 and pH 11.5 compared to the pH 6 case. At
high ionic strength (0.3 M NaCl), both the LL of Mt and Mt-PAM decrease with respect to
the 0 M NaCl case.
The LL of a fine-grained soil can be influenced by particle arrangement (i.e. fabric)
and/or thickness of the diffuse double layer (DDL). However, the LL of montmorillonite
clay is primarily controlled by the DDL thickness (Mesri and Olson 1970; Olson and Mesri
1970; Tahoun and Mortland 1966). According to DLVO theory, the thickness of the DDL
decreases with increasing ionic concentration. For Mt, the LL at 0.3 M NaCl is ~80% less
than the LL at 0 M NaCl, which is consistent with DLVO theory in that the DDL thickness
is smaller at higher ionic concentrations. On the other hand, the LL of Mt did not vary
significantly with pH. Saka and Güler 2006 measured the zeta potential and from that they
colclude that the surface charge of Mt particle was found similar in the range of pH 2 to
pH 12. Moreover, the ionic concentrations of the pH 3 and pH 11.5 solutions used in this
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study are 0.001 M H+ and 0.003 M Na+, respectively. In order to understand the influence
of moderate ionic concentration on LL of Mt, a test was performed at 0.001 M NaCl
(solution pH 6). The LL of Mt at 0.001 M NaCl was 181%, which is similar to the DW case
and implies that these moderate ionic concentrations do not have any significant effect
on the DDL thickness of Mt particles. Due to the insignificant change in surface charge of
clay and insignificant effect of moderate ionic concentration, the LL of Mt was found
similar in tested pH 3, 6 and 11.5 solutions.
Adsorption of PAM molecules on the clay surfaces may cause physicochemical
changes through several mechanisms. First, adsorption of PAM onto the mineral surface
increases the number of molecule-mineral bonds, including hydrogen bonds, covalent
bonds, and ion-dipole bonds, as well as van der Waals attraction forces (Deng et al. 2006)
that resist particle sliding under shear. Second, adsorption of nonionic polymer molecules
may decrease the influence of the particle DDL (Spitzer et al. 1989), which may disrupt
the ordered arrangement of polar water molecules near the clay surface (Pusch 1973).
Third, adsorption of polymer molecules can increase the apparent viscosity of pore fluid
next to the clay surface as the hydrophilic nature of PAM also attracts water molecules
close to the clay surface. (Nugent 2011). As a result, the net repulsive force of the MtPAM particle system decreases compared to the pure Mt case. Evidence of a slight
decrease in zeta potential (i.e. decrease in net repulsive force) due to the adsorption of a
nonionic polymer on Mt was observed by Ece et al. 2002. Thus, Mt forms flocs in the
presence of nonionic PAM (Deng et al. 2006). However, these flocs are voluminous due
to repulsive steric /osmotic forces arise from the interaction of approaching polymer
molecules adsorbed on different particle surfaces at high solids content (Israelachvili
2011, Theng 2012). The large amount of water entrapped by these voluminous flocs, the
increase in attractive forces between particles in the presence of PAM, and the hydrophilic
nature of PAM all contribute to the increase in LL of Mt-PAM compared to Mt at pH 6/0M.
At 0.3 M NaCl, PAM molecules are expected to be coiled, reducing both interparticle
and interlayer spacing. A reduction in these spacings would result in a decrease in LL.
Furthermore, the water adsorption capacity of PAM molecules decreases at high salt
concentration. Thus, the LL of Mt-PAM at 0.3 M NaCl is significantly less than that at 0 M
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NaCl (LL = 139% vs. LL = 284%). In comparison with the pure clay material, the LL of MtPAM is higher than Mt at the 0.3 M NaCl case (> 40%). This may be due to the increase
in intersegment attraction between PAM molecule segments when exposed to high salt
concentrations (Israelachvili 2011) as well as the tendency for the polymer to inhibit any
decrease in the DDL thickness (Di Emidio et al. 2015).
At pH 3 and pH 11.5, PAM is expected to have extended conformation. At extended
conformation, the viscosity of PAM increases due to the attraction of polar water
molecules to the charged molecule segments. Extended PAM molecules may also form
new bonds with the available surface sites of particles through polymer bridging (Theng
2012). At extended conformation, the flocs become more voluminous to entrap more
water at high solids concentration. Thus, the LL of Mt-PAM increases at pH 3 and pH 11.5
compared to the pH 6 case, thereby indicating the “tunability” of the composite with
respect to liquid limit.
Plastic limit (PL) of Mt-PAM is higher than the pure clay Mt (Table 5.2). Even though
the PL data does not significant change due to change in ionic strength or pH, the
difference in moisture content between Mt-PAM and Mt with the same test fluids show
some insight into these results. At pH 6/0 M NaCl (partially extended conformation), at
pH 3 or pH 11.5 (extended conformation), and at 0.3 M NaCl (coiled conformation), the
moisture content difference is 8.6%, ~11%, and ~6%, respectively. The moisture content
variation substantiates that difference in moisture content increase at extended
conformation and decrease at coiled conformation at the PL state.
Similarly, the plasticity index (PI) was much higher at extended conformation of PAM
compared to PAM at partially extended/coiled conformation.
5.6.3 Consolidated Drained Shear
Direct shear test results at different normal stresses for both Mt and Mt-PAM are
shown in Figure 5.5. The angle of internal friction (ϕ) for the pure clay Mt with DW (pH 6/0
M NaCl) is 7.2° (Figure 5.5a). This value is within the range found in the literature for
montmorillonite (Daniel and Shan 1991; Mesri and Olson 1970; Olson and Mesri 1970).

165

In contrast, Mt-PAM has a higher friction angle (ϕ ~ 21°) at pH 6/0 M NaCl (Figure 5.5b),
which may be attributed to the increased number of bonds between Mt particles and
increase in the net attractive force in the presence of PAM (described in the previous
section). PAM allows for Mt particles to form higher order face-to-face aggregated flocs
and may connect these aggregated flocs through bridging. Hence, the shearing of MtPAM likely occurs between those interconnected large aggregated units which increase
the peak friction angle relative to pure clay.
At high ionic strength (0.3 M NaCl), the ϕ of Mt is ~6° greater than that at the low ionic
strength case (0 M NaCl). At high ionic concentration, the DDL thickness decreases
allowing for van der Waals attraction forces to dominate. Mt particles may also form larger
face-to-face aggregated structures. Segad et al. (2012, 2015) found that for sodium
montmorillonite, no aggregation occurs at low ionic concentration (DW), while the number
of particles per aggregate is ~20 at high ionic concentration. This increase in number of
particles per aggregate potentially leads to the formation of higher order face-to-face
aggregated flocs at 0.3 M NaCl. Friction then takes place between flocculated units rather
than individual Mt particles, resulting in a higher friction angle. For Mt-PAM at 0.3 M NaCl,
the particles/aggregates are more tightly bonded (compared to 0 M NaCl) due to the
increase in intersegment attraction between PAM molecules and a decrease of both
interparticle and interlayer spacings. These factors cause an increase in apparent
overconsolidation and results in an increase in peak friction angle by 16° and 7° with
respect to Mt (0.3 M NaCl) and Mt-PAM (0 M NaCl), respectively (Figure 5.5b).
The friction angle of Mt is slightly greater at pH 3 than at pH 6 (Figure 5.5a). Mt tends
to form aggregates under acidic conditions. In the acidic pH range, adsorption of H + ions
on the clay surface increases the layer charge due to ion exchange and protonation of
surface hydroxyl groups (OH-). Both the increase in surface layer charge and hydrogen
bonds at pH 3 result in face-to-face aggregation of Mt particles. These aggregates may
form at ~6 particles per aggregate (Gilbert and Laudelout 1971; Segad et al. 2015).
Hence, the particles are tightly bonded at pH 3 compared to Mt at pH 6, contributing to
the increase in shear strength at low pH for Mt clay.
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In the case of Mt-PAM, the mechanisms contributing to shear strength are different
than those of Mt. The polymer molecules act as a sheath to prevent cation (H+) exchange
with the clay surface (Di Emidio et al. 2015). Aggregation cannot take place as in Mt clay
at low pH. Amide (-CONH2) protonation at low pH causes extended conformation of PAM
that may increase the number of bonds in the interlayer space and between particles due
to bridging. Furthermore, Lochhead and Boykin (2002) indicated that PAM likely has an
extended loopy conformation on the Mt surface at pH 3. Consequently, increases in
interparticle/aggregate distances, and repulsive steric forces, of the system occur. While
an increase in the repulsive forces does not have any significant effect on shearing (Olson
1974), the increase in particle aggregation (apparent overconsolidation) through polymer
bridging contributes to the higher peak friction angle observed for Mt-PAM at pH 3 relative
to that at pH 6.
At high pH, Mt particles are negatively charged (thick DDL). Yet, an increase in the
double layer repulsive force influences the normal stress but not the shear resistance
(Olsen 1974). Thus, the ϕ of Mt is approximately the same at pH 11.5 and pH 6 (Figure
5.5a). Mt-PAM also has similar friction angles at pH 11.5 and pH 6, though Mt-PAM at pH
11.5 has a higher void ratio than Mt-PAM at pH 6 before shearing regardless of the normal
load. At pH 11.5, highly negatively charged flexible PAM molecules may increase the
steric repulsive force (high solids content and high-stress condition). However, at
extended conformation the polymer molecules may also form new hydrogen bonds with
surface hydroxyls or with exchangeable cations to form coordination complexes (Heller
and Keren 2003). The increase in aggregation (apparent overconsolidation) dominates
the shear response and helps to maintain the frictional strength of Mt-PAM at pH 11.5,
even though the repulsive force of the system also increases.
5.6.4 Free Swell Index Test
The results of the free swell index tests are shown in Figure 5.6. Swelling index of Mt
increases with an increase in pH of the solution due to an increase in repulsive forces
between particles (Figure 5.6a). In contrast, Mt-PAM samples have similar swell indices
at pH 3 and 11.5 compared to the pH 6 case. At pH 6 and pH 11.5, the swell index of Mt-
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PAM decreased by 8% and 26%, respectively compared to Mt (Figure 5.6a). As
discussed previously, the behavior of the composite depends on aggregate formation and
the interaction of PAM molecules with the clay surface. At pH 6, Mt-PAM particles tend to
form large aggregated flocs when PAM molecules are expected to have partially extended
conformation. Consequently, less clay surface area is available for water adsorption. In
contrast, Mt particles remain dispersed at pH 6. Hence, the swell index of Mt-PAM is less
than that of Mt at pH 6. In the case of pH 3 and pH 11.5, the swell index change of MtPAM is negligible with respect to Mt-PAM at pH 6. This result indicates that PAM may
prevent changes in the DDL thickness at the tested pH solution. The influence of
conformation was not observed.
At high ionic concentration (0.3 M NaCl), the swell index of Mt is ~40% less than Mt
at 0 M NaCl due to a decrease in DDL thickness. However, the swell index of Mt-PAM at
0.3 M NaCl is 50% and 33% less than Mt-PAM at 0 M NaCl and Mt at 0.3 M NaCl,
respectively. Even though adsorbed PAM minimizes the collapse of the DDL. Coiled
conformation of PAM at 0.3 M NaCl decreases both interparticle and interlayer spacing
and increases the intersegment attraction between particles/aggregates. This reduces
the swell index of Mt-PAM at high ionic concentration.
5.6.5 Free Swell with Test Fluid Cycling
Free swell tests were also conducted by cycling the test fluids for four different
conditions (Figure 5.7). The swell factor is defined as the ratio of the volume of water
adsorbed at a given time (t) to the volume of dry solids. The swell factor of Mt at pH 6/0
M NaCl increased monotonically until the termination of the test (Figure 5.7a). Mt-PAM
swelled at a rate to that of Mt until t = 7 days at pH 6/0 M NaCl. Afterwards, the swell
factor increased at a much slower rate reaching a plateau at t = 56 days. At 28 and 56days, the swell factor of Mt-PAM was ~2 times lower than Mt at pH 6. This result implies
that crystalline/interparticle swelling of Mt was minimally influenced due to adsorption of
PAM, but osmotic (interlayer) swelling was influenced significantly.
Mt particle swelling can be inhibited in the presence of PAM. When PAM adsorbed
onto the interlayer surfaces, the molecules can connect two tetrahedral interlayers. These
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bonds between the interlayers can prevent free expansion due to osmotic swelling.
Aggregate formation also contributes to less water adsorption. In addition, dissociation of
exchangeable cations into the interlayer gallery space may be inhibited by the PAM
molecules, which decreases osmotic swelling (Deng et al. 2006; Low 1981). Thus,
macroscopic swelling of Mt-PAM becomes limited due to adsorption of PAM on the
mineral surfaces. In contrast, Mt may swell indefinitely by cation hydration in the pH 6
solution.
When the test solution was cycled from pH 6 to pH 11.5, Mt-PAM initially hydrated in
distilled water has a higher swelling rate, but lower swell factor than Mt (Figure 5.7b).
After exposure to pH 11.5, swelling of Mt initially decreases, then gradually increases to
a swell factor similar to Mt (pH 6) at ~56 days. On the other hand, Mt-PAM (pH 11.5)
swelled ~41% more than Mt-PAM (pH 6) at ~56 days due to the extended conformation
of PAM (at low solids content, low-stress condition).
The osmotic swelling of Mt initially hydrated with distilled water was only slightly
influenced at pH 3 and 0.3 M NaCl. Mt-PAM was not significantly influenced by the same
conditions (Figure 5.7 c and d). Limited swelling of Mt at pH 3 and 0.3 M NaCl is likely
due to the decrease in the DDL thickness. At this salt concentration, the basal spacing
can increase up to 4 nm so that both interparticle and interlayer swelling can occur. At
higher ionic concertation (> 0.3 M NaCl), swelling is limited to the interparticle swelling
region, and the basal spacing can only increase up to 1.9 nm (Norrish 1954). Thus, no
significant reduction in swelling volume was observed for Mt at 0.3 M NaCl. In the case
of Mt-PAM, PAM prevents cation exchange (H+/Na+) by slowing down the diffusion of
cations upon exposure to pH 3 or 0.3 M NaCl solutions and maintains the initial osmotic
efficiency (Di Emidio et al. 2015). As a result, the polymer likely maintains a partially
extended conformation at pH 3 and 0.3 M NaCl in this test condition for the amount of
time tested here.
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5.6.6 Cyclic Hydraulic Conductivity
Hydraulic conductivity test results are shown in Figures 5.8-5.10. The three different
cases were chosen to investigate the influence of PAM conformation on the composite
material hydraulic conductivity. The description of the tested cases are as follows:
Case I. pH 6 → pH 3 → pH 6: The hydraulic conductivity of pure clay Mt did not
noticeably change when the permeant fluid pH was changed from pH 6 to pH 3 (Figure
5.8a). This result is in agreement with other studies which concluded that the hydraulic
conductivity of Mt does not change significantly in the pH range 2-12 (Jo et al. 2001).
However, the void ratio only decreased by ~4% from the initial void ratio after 68 pore
volumes have passed through the sample (Figure 5.8b).
The hydraulic conductivity of Mt-PAM did not change significantly when the pH of the
permeating fluid changed. The hydraulic conductivity reduced from 2.2×10-9 cm/s at pH
6 to 2×10-9 cm/s when the pH of the permeating solution was reduced to pH 3 (Figure
5.8a). After the acidic permeating fluid was replaced with a pH 6 solution (last cycle), the
hydraulic conductivity of Mt-PAM decreased slightly to 1.9×10-9 cm/s. The void ratio
decreased from 3.25 to 2.86 (change in void ratio 13%) after 110 pore volumes over the
entire permeating period (Figure 5.8b).
Mt-PAM have lower initial void ratio than Mt. However, both Mt and Mt-PAM have
similar hydraulic conductivities, and the number of pore volumes that passed through the
samples over the 800h test duration was much larger for Mt-PAM than Mt (Figure 5.8).
This is likely due to i) formation of interlinked aggregated flocs that provide larger interaggregate pore spaces for fluid to flow (larger interconnected flow paths develop), and ii)
limited osmotic swelling. Osmotic consolidation under the same effective stress as the
saturated Mt was likely influenced primarily by repulsive forces (Mitchell and Soga 2005),
where osmotic consolidation of Mt-PAM is primarily influenced by the difference between
the attraction (A) and repulsive (R) forces (R-A effect; Bohnhoff and Shackelford 2014).
However, PAM molecules have extended conformation at pH 3 and may bridge other clay
particles. Moreover, Swenson et al. (1998) found that the polymer may bring clay particles
closer together with an attractive force of 1.4 pN per bridge. Hence, the attractive force
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between Mt-PAM-coated particles increases. The increase in the net attractive force
causes a volume reduction of the composite even under the applied effective confining
stress. Furthermore, PAM on the Mt mineral surface may have extended loopy
conformation at pH 3 (Lochhead and Boykin, 2002). While a volume decrease (i.e.
thickness of DDL decreases) generally leads to an increase in hydraulic conductivity, the
extended PAM loops may align themselves in the direction of flow in the pore space to
resist flow and increase tortuosity. Thus, very little change is observed in the hydraulic
conductivity of Mt-PAM, which only slightly decreases when the permeant is changed
from pH 6 to pH 3. The hydraulic conductivity remains the same when the permeant is
changed from pH 3 to pH 6 (last cycle), though the volume continues to decrease. The
results suggest that the PAM may remain at extended conformation when permeated with
pH 6 solution (last cycle) due to irreversible physicochemical changes of the PAM
molecule-clay mineral surface system (Deng 2006). This physicochemical change occurs
when the PAM molecules bond with the mineral surface at extended conformation.
Case II. pH 6 → pH 11.5 → pH 6: The hydraulic conductivity of Mt and Mt-PAM
permeated with three consecutive pH solutions – pH 6, pH 11.5, and pH 6 – is shown in
Figure 5.9. The hydraulic conductivity of Mt did not significantly vary with the three
permeant solutions: 2×10-9 cm/s (pH 6) to 1.8×10-9 cm/s (pH 11.5) to 1.9×10-9 cm/s (pH
6). The change in void ratio from the beginning of the test to the end of the last cycle was
also very slight, ∆e=0.18 after 71 pore volumes.
Similarly, test results of Mt-PAM show that the hydraulic conductivity of Mt-PAM does
not vary significantly when the permeating fluids are switched (Figure 5.9). The hydraulic
conductivity measured at pH 6 was 2×10-9 cm/s and at pH 11.5 was 2.15×10-9 cm/s.
However, a slight increase was observed when the permeant solution was switched back
to pH 6 (k = 2.5×10-9 cm/s). Over the entire test duration, the change in void ratio was
1.14 (corresponding to a decrease in volume of 25%) after 192 pore volumes.
PAM molecules are anticipated to have extended flatter conformation on the clay
surface at pH 11.5 (Lochhead and Boykin, 2002). At extended flatter conformation, PAM
decreases the frictional resistance between particles, but the polymer may bridge other
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clay particles. Both the increase in attractive force and less frictional resistance yield
particle mobilization and a decrease in volume in a triaxial cell under confining stress.
This result is consistent with the previous observation that Mt-PAM has a higher
compression index (Cc) at pH 11.5 than at pH 3 or pH 6 (Bishop et al. 2014). Also, this
finding is similar to Bohnhoff et al. (2013) who found that a polyacrylic acid-modified
montmorillonite decreases in volume (by 71%) during permeation with a 20 mM CaCl 2
solution. As the volume decreases (i.e reduction in DDL thickness), the hydraulic
conductivity of Mt-PAM also increases.
One concern when testing clays coated with polymers is that the polymer may desorb
from the mineral surface. In order to determine if the polymer molecules remained intact
during the hydraulic conductivity tests, the total carbon content of a small sample of the
Mt-PAM before and after testing were performed. The test results show that the polymer
content of the permeated Mt-PAM sample was 3.8% (±0.1%), which is approximately that
of the initial polymer content (3.76%). No significant loss of the polymer occurred.
Case III. 0 M NaCl → 0.3 M NaCl → 0 M NaCl: The hydraulic conductivity of both Mt
and Mt-PAM increases when the sample was permeated with 0.3 M NaCl (second phase)
(Figure 5.10a). Hydraulic conductivity of Mt-PAM increases dramatically to 3.9×10-9 cm/s
at 0.3 M NaCl from initial hydraulic conductivity 1.95×10-9 cm/s at 0 M NaCl (100%
increase). This result shows that Mt-PAM seems to more responsive at a high ionic salt
solution. In contrast, the hydraulic conductivity of Mt increase by 8% only upon exposure
to 0.3 M NaCl. This increase in hydraulic conductivity is due to decrease in DDL thickness.
As a result, void ratio, e of Mt decreases from 4.9 to 4. In case of Mt-PAM, the change in
void ratio, ∆e becomes 0.50 when permeated with a salt solution. This indicate that the
adsorbed water layer and pore space underwent very small change for Mt-PAM (Figure
5.10b). As PAM prevents collapsing of DDL, this change in volume possibly due to a
decrease in interparticle/aggregate spacing and interlayer distance at coiled conformation
of PAM molecule. However, at coiled conformation the viscosity of PAM molecule
decrease which yields less resistance in the direction of fluid flow. Hence, the hydraulic
conductivity of Mt-PAM increases significantly.
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During the last phase, Mt did not show any significant change in hydraulic conductivity
or volume due to 0 M NaCl (DW) for the test duration and remained stable at ~1.3×10-9
cm/s for more than 20 pore volumes of flow. In contrast, the hydraulic conductivity of MtPAM slowly decreased and stabilized at 2.5×10-9 cm/s, which is 25% more and 36% less
than the hydraulic conductivity measured at 0 M NaCl (first cycle) and 0.3 M NaCl (second
cycle), respectively. Also, Mt-PAM did not have a change in void ratio during permeating
with 0 M NaCl (last cycle, Figure 5.10b). So, the PAM conformation possibly changes
from coiled to partially extended, but extends only into the pore space and aligns in the
direction of flow to resist movement of the solution. The observed volume change results
suggest that the particle rearrangement that occurs during coiled conformation is not
recoverable. Thus, the composite is not likely to revert to the initial hydraulic conductivity
by manipulating the conformational state of the polymer. Nevertheless, hydraulic
conductivity can be influenced significantly by change in conformation of polymer through
ionic concentration stimuli. This “tunability” is a unique property of the composite.

5.7 Comparison of Behavior between Micro and Nano-composite

The purpose of investigating the behavior of both the micro- and nano-composite was
to observe the influence of conformation on meso-scale behavior due to manipulation of
interparticle and both interparticle and interlayer spacing, respectively. Atterberg limits,
shear strength, and swelling potential tests were conducted on both types of composites.
Atterberg Limits. The micro- and nano-composite did not exhibit the same liquid limit
(LL) trends as a function of induced polymer conformation. The LL results of the microcomposite show that the LL decreases at extended conformation (pH = 3 or11.5; [NaCl]
= 0.001 M) and increases at coiled conformation ([NaCl] = 0.3 M) with respect to partially
extended conformation (pH = 6; [NaCl] = 0 M). In contrast, the LL of the nano-composite
exhibited an increase in LL at extended conformation (pH = 3 or 11.5) and decrease in
LL at coiled conformation ([NaCl] = 0.3 M) compared to the partially extended
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conformation case (pH = 6; [NaCl] = 0 M). This observed difference in LL behavior is
primarily due to preferential adsorption of the polymer molecules onto kaolin clay particle
edges that influences particle arrangement of the micro-composite. For Mt, the polymer
molecules adsorb on both exterior and interior surfaces of the particles. Consequently,
the LL was controlled by the conformation of the polymer molecule, the apparent viscosity
of polymer molecule near clay surface, and the steric repulsive force between polymer
molecules at high solids concentration. Test results of the micro-composite indicate that
the plastic limit was minimally influenced by induced conformation. However,
manipulation of the polymer molecules conformation influences the resulting plastic limit
of the nano-composite compared to pure montmorillonite.
Shear Strength. Both the micro- and nano-composites exhibit plastic failure when
sheared. However, the compressible nature of the nano-composite becomes prominent
under direct shearing (drained condition) and has a different failure mode compared to
the micro-composite. The micro-composite demonstrates dilative response (i.e. increase
in pore water pressure) at the undrained condition and an increase in shear strength at
high strain when both coiled and extended conformation of polymer molecule have an
influence on fabric formation. Also, the shear strength of the micro-composite decreases
at extended conformation and increases with the dilative response at coiled conformation,
even when the initial fabrics are the same. In the case of the nano-composite, the sample
deforms during shearing and causes a decrease in void ratio. Since the nano-composite
is synthesized at a higher concentration of polymer and the polymer is more compressible
than pure clay, more deformation is observed for the nano-composite compared to the
micro-composite. This decrease in void ratio of the nano-composite causes an increase
in shear strength during the shearing stage. The high compressibility of the nanocomposite at the extended and coiled conformations of the polymer molecules is coupled
with a higher shear strength compared to the partially extended case (less
compressibility) during direct shearing.
Swelling Potential. The swelling potential of both composites depends on the
polymer molecule conformation, particle arrangement and swelling properties of the clay.
Both the polymer molecule conformation and the influence of conformation on particle
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arrangement result in a decrease or increase in swelling potential of the micro-composite
(kaolin is a low-swelling clay). For instance, edge-to-edge fabric formation results in a
larger sedimentation volume than that at the partially extended conformation of PAM. In
contrast, Mt particles tend to arrange in a face-to-face fabric due to the high aspect ratio
(length: width > 100). The swell response of montmorillonite along with the polymer
molecule conformation both affect the swelling characteristics of the nano-composite. For
example, the nano-composite at coiled conformation has a lower swelling volume than
the nano-composite at partially extended conformation. From the above observations, the
behavior of the nano-composite more closely followed the predicted behavior of the
polymer molecule conformation when manipulating the surrounding fluid pH or ionic
concentration.

5.8 Conclusions

The experimental investigation focuses on the mechanical behavior of an expansive
clay montmorillonite (Mt) and clay-polymer nano-composite (Mt-PAM) as a function of pH
(3, 6, 11.5) and ionic concentration (0 M NaCl, 0.3 M NaCl). The selected pH and ionic
concentration values promote fully extended, partially extended, and coiled conformation
of the nonionic polymer polyacrylamide (PAM). The purpose of manipulating the polymer
conformation is to impact the mesoscale behavior of the composite material by
manipulating the interparticle and interlayer spacing of Mt. Based on the experimental
results, the following conclusions can be drawn:
i) At partially extended conformation of PAM, Mt-PAM have higher liquid limit (LL) than
Mt. Increase in LL is due to (1) increase in the number of polymer molecule-mineral
surface bonds, (2) increase in the net interparticle attractive force, and (3) due to the
hydrophilic nature of PAM. The coiled conformation of PAM molecules decrease
interparticle/aggregate and interlayer spacing cause decrease in LL at 0.3 M NaCl
compared to Mt-PAM at partially extended conformation (0 M NaCl). However, increase
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in net interparticle force increase LL of Mt-PAM than Mt at high salt concentration. When
PAM has extended conformation (promote at pH 3 and 11.5) the interparticle/aggregate
and interlayer spacing increase. In addition, mechanical bond between PAM and particles
and apparent viscosity of PAM also increase. Furthermore, the net repulsive force also
increases due to steric repulsive force at high solids concentration. Thus, Mt-PAM forms
voluminous flocs at extended conformation of PAM, which results in a LL that is greater
than Mt-PAM at partially extended conformation. The plastic limit (PL) is also influenced
by conformational effect of the polymer molecule.
ii) At partially extended conformation, the internal friction angle of Mt-PAM is much
greater than that of Mt under the same pore fluid conditions. The possible formation of
interconnected aggregated flocs in the presence of PAM and shearing between
aggregate units increase the shear strength of Mt-PAM. The friction angle of Mt-PAM is
7° higher at coiled conformation of PAM than at partially extended conformation.
However, the internal friction angle at extended conformation of PAM is either
approximately the same as or slightly greater than the partially extended conformation
case, depending on the pore fluid chemistry.
iii) Mt-PAM has a lower free swelling index than Mt at all pH solutions used in the
study. Mt-PAM particles form aggregated flocs which decrease the available surface area
for water absorption, thereby reducing the potential for swelling. The swelling of Mt-PAM
was relatively constant regardless of the pH of the test solution. So, the solution pH did
not appear to influence the polymer conformation. The swelling index of Mt-PAM is
significantly less than that of Mt (by 33%) at coiled conformation of PAM. The decrease
in swell index is likely due to a decrease in interparticle and interlayer spacings, as well
as an increase in interparticle attraction forces.
iv) Free swelling tests in which the test fluids were cycled showed that osmotic (i.e.
interlayer) swelling was affected by both the polymer molecule conformation and the
binding of PAM to consecutive interparticle sites. The osmotic swelling of Mt-PAM is less
than that of Mt, as the PAM molecules link the particle interlayers and prevent dissociation
of the exchangeable cations into the interlayer space. At pH 11.5, the negatively charged
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extended PAM molecules can increase both interparticle and interlayer swelling to
increase osmotic swelling under low stress conditions. However, extreme slow diffusion
of cations (H+/ Na+) due to polymer inhibit osmotic swelling/deswelling at pH 3 and 0.3 M
NaCl solution and may maintain initial conformation until the termination of the test.
v) Mt-PAM showed more responsiveness to test solution than Mt. The hydraulic
conductivity of Mt-PAM did not change significantly when the pH solutions were
exchanged with pH 3 or pH 11.5 (promote extended conformation of PAM on Mt surface).
However, volume of Mt-PAM decreased (i.e. decrease in DDL thickness) significantly
than Mt. The hydraulic conductivity did not return to initial when permeated was
exchanged from acidic/basic to pH 6 again (last cycle). As bonding between PAM and
clays surface probably cause irreversible physicochemical change and apparently no
further conformational change (i.e. fully extended to partially extended) of polymer
molecule was observed in material behavior.
The coiled conformation of PAM at 0.3 M NaCl increases hydraulic conductivity by
100% with respect to Mt-PAM at partially extended conformation. The volume decrease
is mainly due to a decrease in interparticle/aggregate and interlayer spacing as PAM
minimize cation exchange at 0.3 M NaCl solution with clay surface to maintain DDL.
Moreover, the decrease in viscosity of PAM when the polymer molecules have coiled
conformation yields less resistance in the direction of flow, which in turn increases the
hydraulic conductivity. The hydraulic conductivity decrease from 3.9×10 -9 cm/s to 2.5×109

cm/s again when permeated with 0 M NaCl that promote partially extended conformation

of PAM molecule and resist the flow of solution in pore space. Nonetheless, no volume
changes during permeation with 0 M NaCl (last cycle) may confirm that the particle
rearrangement during the exposure to a high salt concentration solution (promoting coiled
conformation) is not completely reversible.
The experimental work demonstrates that it is possible to impact mesoscale properties
of a material by manipulating the conformation of polymer molecules within a
polyacrylamide modified montmorillonite nano-composite. Tuning of nano-composite with
ionic concentration test solution shows a maximum response. However, under certain
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conditions, the conformation of the polymer molecules at extended state may not be able
to revert to a partially extended state. This is possibly due to irreversible physicochemical
changes of PAM bonding with the clay surface. Further investigation is required to verify
this observation. Hence, “tuning” of the material by manipulating polymer molecule
conformation may be limited. Also, particle rearrangement due to polymer molecule
conformation also depends on the solids content and stress applied. Overall, the results
indicate that the “tunable” nanocomposite materials tested here are different from other
polymer-treated clays in that the interparticle and/or interlayer spacings can be selectively
controlled and modified in-situ to some extent.
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Appendix
Figures
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3 µm
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Figure 5.1 Scanning Electron Microscopy of a) montmorillonite (Mt) and b)
nano-composite (Mt-PAM) at 5000x magnification
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Figure 5.2 Free swelling of sample due to cycling of test fluid
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Figure 5.3 Fourier Transform Infrared Spectroscopy analysis results for a) Mt,
b) PAM, C) Mt-PAM, d) Mt-PAM (Oven-dried).
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Figure 5.4 Fall cone penetration test results for tested pH and ionic
concentration conditions

190

450

60
Mt (pH 6/ 0 M)

(a)

Mt (pH 11.5)

50

Shear Stress, kPa

Mt (pH 3)
Mt (0.3 M NaCl)

40

30

20

Φ(pH 6/ 0 M)=7.2°
Φ(pH 3)=10°
Φ(pH 11.5)=7.41°
Φ(0.3 M)=12.8°

10

0
0

50

100

150

200

250

Normal Stress, kPa

120

(b)

Mt-PAM (0.3 M NaCl)
100

Shear Stress, kPa

Mt-PAM (pH 3)
Mt-PAM (pH 6/ 0 M)

80

Mt-PAM (pH 11.5)
60

40
Φ(pH 6/ 0 M)=21.1°
Φ(pH 3)=22.8°
Φ(pH 11.5)=21°
Φ(0.3 M NaCl)=28.5°

20

0
0

50

100
150
Normal Stress,kPa

200

Figure 5.5 Direct Shear Test Results (a) Mt, (b) Mt-PAM
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Figure 5.8 Change in (a) hydraulic conductivity and (b) void ratio due to pore
fluid cycling from pH 6 → pH 3 → pH 6 over the 800h test duration (Closed
symbols are for Mt and open symbols are for Mt-PAM)
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Figure 5.9 Change in (a) hydraulic conductivity and (b) void ratio due to pore
fluid cycling from pH 6 → pH 11.5 → pH 6 over the 800h test duration (Closed
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Tables
Table 5.1 Band Assignments of PAM, Mt, and Mt-PAM
Wavenumber (cm-1)

Montmorillonite

PAM

MontmorillonitePAM composite

3622

3622

3375

3375

Montmorillonite-PAM
composite (Oven-dry)

Attribute

ν, OH

3622

ν, H2O

3354

3460

ν, NH2

3187

3360

ν, NH2
δ, C-H

2930
1660

1660

1618

1660

ν, C=O

1600

δ, NH2

1450

1450

1450

δ, CH2

1413

1420

1420

ν, C-N

1345

ω, CH2

1319

δ, C-H

Symbol: ν: stretching; δ: deformation (bending); ω: wagging
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Table 5.2 Atterberg Limits of Mt and Mt-PAM sample
Atterberg Limits (%)
Condition

pH 6.0/0 M
NaCl

0.3 M NaCl at
pH 6.0

Sample

Liquid
Limit (LL)

Plastic Limit
(PL)

Plasticity
Index, (PI)

Mt

182

38.2 (±0.3)

148.4

Mt-PAM

284

46.8 (±0.5)

237.2

Mt

99

36.9 (±1.1)

62.1

Mt-PAM

139

42.8 (±1.4)

96.2

Mt

184

35.6 (±0.3)

143.8

Mt-PAM

360

46.1 (±2.2)

313.9

Mt

182

36.6 (±0.9)

145.4

Mt-PAM

352

48.6 (±1.8)

303.4

pH 3.0

pH 11.5
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Summary and Conclusions

This dissertation provides experimental results from an investigation of the influence
of conformation – effective length or shape – of a responsive polymer, polyacrylamide,
on micro- and meso-scale properties of clay-polymer composites: fabric, Atterberg limits,
shear strength, swell potential, and hydraulic conductivity. The composite was
synthesized from kaolinite (Kt) or montmorillonite (Mt) and a nonionic responsive polymer
(polyacrylamide; PAM). The clay-polymer composite synthesized from kaolinite particles,
referred to as a micro-composite (Kt-PAM), highlights changes in interparticle spacings.
The composite formed from montmorillonite, referred to as a nano-composite (Mt-PAM),
highlights changes in both interparticle and interlayer spacings. The effects of
conformation – extended, partially extended, coiled – of PAM molecules on the microstructure and geotechnical properties, such as swelling, shear strength, and hydraulic
conductivity, of both composites were investigated using scanning electron microscopy
(SEM), Fourier Transform Infrared Spectroscopy (FTIR), sedimentation volume,
Atterberg limits measurements, triaxial consolidated undrained shear tests, drained shear
tests, free swell index testing, cyclic swell testing, and cyclic constant hydraulic
conductivity testing. The following conclusions can be drawn based on the analysis of the
test results generated during this investigation:
i)

Low

solids

content,

low

stress

conditions.

Sedimentation

volume

measurements show that micro-composite particles tend to form more
compacted sediments than Kt, but form higher order aggregated face-to-face
flocs (observed by SEM). When the PAM molecules were expected to have
coiled conformation, the micro-composite formed edge-to-edge fabric in
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addition to higher order face-to-face fabric due to the preferential adsorption
of PAM onto edge surfaces of the kaolin particles. When PAM molecules are
extended, the micro-composite has a similar or even slightly greater
sedimentation volume compared to the partially extended conformation case.
In-contrast, Kt-PAM has the lowest sedimentation volume at coiled
conformation. Hence, interparticle spacing and particle arrangement can be
manipulated through PAM conformation at low solids and low-stress
conditions.
ii)

High solids content, moderate stress conditions. The conformation of PAM
influences the liquid limit of both Kt-PAM and Mt-PAM. The interparticle
attractive forces and interparticle friction influence liquid limit of Kt-PAM. When
the PAM molecule conformation is expected to be extended, the liquid limit of
Kt-PAM decreases slightly compared to the partially extended conformation
case due to increasing repulsive forces and a decrease in interparticle friction
at high solids concentration. In contrast, both interparticle attractive forces and
interparticle friction increase at coiled conformation of PAM, which increases
the liquid limit compared to partially and fully extended conformation of PAM.
However, the liquid limit of the nano-composite Mt-PAM was controlled by the
diffuse double layer thickness, interparticle forces, and apparent viscosity of
the fluid immediately surrounding the clay particles/aggregates. At coiled
conformation, the liquid limit is less than that of the partially extended
conformation case due to a decrease in interparticle and interlayer spacing.
When PAM has extended conformation, the liquid limit is greater than when
the PAM molecules are partially extended. This is attributed to the increase in
interparticle and interlayer spacings, increase in apparent viscosity of PAM,
and increase in repulsive forces. The plastic limit of Mt-PAM is also influenced
by the conformation of PAM. However, the influence of PAM conformation on
the plastic limit of Kt-PAM was insignificant.

iii)

High solids content, high stress conditions. The influence of confining stress
and effect of polymer conformation at 100 kPa confining stress on the
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consolidated undrained shear strength of the micro-composite were
investigated. At the same confining pressure used to consolidate the
specimens (normally consolidated condition), the undrained shear strength of
Kt-PAM is twice that of pure kaolin due to the formation of higher order faceto-face aggregated flocs and an increase in polymer-mineral surface bonds in
the presence of the polymer. With increasing confining stress, the higher order
face-to-face aggregated flocs break and the polymer molecules flatten on the
clay surface, resulting in a reduction of interparticle friction. The
overconsolidated Kt-PAM did not show any thixotropic fabric rearrangement.
When the PAM molecules have coiled conformation, an increase in the
number of polymer-mineral surface bonds as well as an increase in composite
particle contacts (due to a decrease in interparticle spacings) result in a higher
undrained shear strength than the partially extended conformation case.
The shear strength mechanism for the extended conformation condition is
governed mainly by fabric formation. When the initial fabrics are the same,
both increases in interparticle spacing and the liquid-like behavior of the
extended polymer molecules decrease the undrained shear strength
compared to the partially extended conformation case. However, when
extended conformation of PAM was promoted during slurry consolidation, the
undrained shear strength increases due to an increase in polymer-mineral
surface bonds and higher order face-to-face fabric formation that cause
apparent overconsoldation of the composite.
iv)

High solids content, high stress conditions. Drained direct shear strength tests
were performed on the nanocomposite Mt-PAM. The test results show that the
drained shear strength was greater for the nano-composite compared to pure
montmorillonite clay. This increase in the internal friction angle is likely due to
the formation of the interconnected higher order face-to-face aggregation. At
coiled conformation of PAM, both a decrease in the interparticle and interlayer
spacings and increase in net interparticle attractive forces induce a greater
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internal friction angle than the other cases tested here. The formation of new
polymer-mineral surface bonds increases particle aggregation at extended
conformation of PAM. However, the liquid-like behavior of the hydrated
extended molecules may decrease interparticle friction but increase the
apparent

viscosity

of

the

fluid

immediately

surrounding

the

particles/aggregates. These two competing mechanisms may contribute to the
observed similarity of (or slight increase in) the internal friction angle of the
extended conformation case relative to the partially extended conformation
case.
v)

Low solids content, low stress conditions. Swelling index tests conducted on
the nanocomposite at low solids content and low confining stress reveal that
the swelling of Mt-PAM is less than that of Mt, likely due to: 1) aggregation of
particles, which reduces the mineral surface area available for water
adsorption, 2) inhibition of interlayer swelling due to linkage between the
octahedral layers by polymer molecules and 3) adsorption of PAM prevents
dissociation of exchangeable cations that attract water. Exposure to a high salt
concentration solution promotes coiled conformation of the polymer molecules
on the mineral surface. This leads to an increase in the interparticle attractive
forces and thereby further decreasing the interparticle and interlayer spacings.
Consequently, the swelling volume was lower than that of the pure clay case
at high salt concentration. One interesting observation was that the volume of
Mt-PAM, when first hydrated in distilled water, did not significantly reduce
when exposed to a high salt concentration solution (0.3 M NaCl). This is likely
due to the prevention of diffusion of the Na + cations into the composite by the
PAM molecules.
Exposure to low pH and high pH solutions promote extended conformation of
PAM. Extended PAM molecules increase the swelling volume. The swelling
volume of the extended conformation case was slightly greater than that of the
partially extended conformation case. The volume of Mt-PAM, initially
hydrated in distilled water, did not change significantly when exposed to a low
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pH solution. This is likely due to the prevention of cation diffusion into the
composite. Thus, the conformation of PAM did not change from partially
extended conformation to extended conformation in the low pH solution. At
high pH (11.5), the swelling of Mt-PAM, initially hydrated in distilled water,
increases significantly due to the extended conformation of PAM.
vi)

High solids content, high stress conditions. Constant head hydraulic
conductivity tests were performed in a triaxial flexible wall permeameter to
understand the influence of polymer conformation on nanocomposite material
behavior. The hydraulic conductivity of Mt-PAM did not change significantly
when low pH 3 and high pH 11.5 solutions were used to promote extended
conformation of PAM. However, the volume decreased significantly. No other
evidence of polymer molecule conformational changes (i.e. fully extended to
partially extended) induced by changing pH solutions was observed.
The hydraulic conductivity of Mt-PAM increased by 100% when 0.3 M NaCl
was permeated to promote coiled conformation of PAM compared to Mt-PAM
at partially extended conformation (0 M NaCl). Coiled conformation of PAM
molecules decrease the interparticle and interlayer spacings. The PAM
molecules also prevent the thickness of the DDL from reducing in a high ionic
concentration environment. This is consistent with the observed volume
reduction. Moreover, the decrease in viscosity of PAM when the polymer
molecules have coiled conformation yields less resistance in the direction of
flow, which in turn increases the hydraulic conductivity. The polymer molecule
conformational state likely changed from coiled to partially extended when the
composite sample was again leached with a low ionic concentration solution
(0 M NaCl), decreasing the hydraulic conductivity by ~36%. The molecules are
then more likely to occupy more of the void space and resist the fluid flow,
thereby decreasing the hydraulic conductivity. No further volume change was
observed when the permeated test solution was changed to 0 M (last cycling
phase). This may indicate that particle rearrangement during the exposure to
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a high salt concentration solution (promoting coiled conformation) is not
completely reversible.
“Tunable” clay-polymer composites have unique characteristics such that the
properties of the composite can be altered when exposed to changes in surrounding fluid
pH and ionic concentration conditions. This study provides a detailed insight into the
mechanical behavior of a responsive polymer-modified composite and paves the way for
application of responsive polymer-based composite materials in the field of geotechnical
and geoenvironmental engineering. The tunable response was maximized when the
composite exposed to high ionic concentration test solutions (coiled conformation)
compared to pH solutions. However, the “tunability” of the synthesized composite may be
limited in certain cases, for example, when external stimuli changes the conformation of
polymer molecules from extended conformation to partially extended. This is due to
possible irreversible physicochemical changes of polymer molecules on clay surfaces
when polymer molecules at extended conformation bond with clay particles.

6.2 Future Recommendations

The following recommendations are proposed for future work:
i) In this study, the responsive nanocomposite material was synthesized at a clay-topolymer volume ratio of 8 and solids content of 0.015. A higher solids content would result
in only partial coverage of the clay surface by polymer molecules. The test results indicate
that the polymer molecules at extended conformation may form new bonds with available
clay sites by bridging. This irreversible physicochemical change of polymer molecules
reduces the ability of the polymer to change conformational state. The clay-polymer
composite can be designed for full surface coverage of clay by polymer molecule to better
control interparticle and interlayer spacings of the clay particles. This will yield no further
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bonding of polymer molecules with clay when an attempt is made to promote a different
conformation using external stimuli (i.e. pH, ionic concentration).
ii) Montmorillonite’s swell potential is one of the most important parameters when used
in clay liner/barrier systems. The addition of nonionic polymer molecules minimizes the
swelling of montmorillonite clay due to increasing interparticle and interlayer attraction
forces. Also, PAM prevents dissociation of exchangeable cations (i.e. Na+) and contribute
to decrease in osmotic swelling. Another approach is to modify the composite synthesis
procedure so that additional properties can be included without affecting the clay’s own
critical behavior. For instance, the grafting method is a technique used to covalently bond
polymer molecules only to specific functional sites (i.e. oxide, hydroxyl group) of the clay
surface. This method may provide control of the composite material in more predictive
manner.
iii) In this study, polymer molecule conformational changes within the composite were
inferred and not independently verified. Transmission Electron Microscopy (TEM), small
angle x-ray diffraction, Raman scattering, and nuclear magnetic resonance spectroscopy
can be utilized to verify polymer conformation in the selected pH or ionic concentration
environment. For example, TEM can be used to determine basal spacing and aggregation
due to a conformational change of polymer molecules. Raman scattering can be applied
to measure the chemical changes of polymer molecules as the conformation changes.
iv) Numerical modeling considering multibody interaction can be performed to
understand the effect of the conformation of polymer molecule on shear strength,
consolidation, and permeability at the clay particle scale.
v) Degradation of polymer molecules can be caused by thermal, photolytic, biological,
chemical and mechanical processes. For example, direct exposure to sunlight can cause
random chain scission by the free radical process, which leads to the lower molecular
weight of the polymer. Hence, the clay-polymer composite material needs further
investigation into how the composite behavior will be affected by the aging of the polymer
molecule.
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